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Figure 14. The “Hubble diagram” from the world collection of spectroscopic BAO detections. Blue, red, and green points show BAO measurements of DV /rd,
DM/rd, and DH/rd, respectively, from the sources indicated in the legend. These can be compared to the correspondingly coloured lines, which represents
predictions of the fiducial Planck ⇤CDM model (with ⌦m = 0.3156, h = 0.6727). The scaling by

p

z is arbitrary, chosen to compress the dynamic range
sufficiently to make error bars visible on the plot. For visual clarity, the Ly↵ cross-correlation points have been shifted slightly in redshift; auto-correlation
points are plotted at the correct effective redshift. Measurements shown by open points are not incorporated in our cosmological parameter analysis because
they are not independent of the BOSS measurements.

presented in Table 9 and denoted as G-M et al. (2016 a+b+c). The
combination of these three sets of results is presented at the end
of Gil-Marı́n et al. (2016c). As before, this case is compared to
our full-shape column of Table 7, approximating LOWZ to our low
redshift bin and CMASS to our high redshift bin, where the vol-
ume difference factor has been taken into account. Our DM mea-
surement of 1.7% in the low redshift bin and 1.8% in the high red-
shift bin compares to 1.5% and 1.1%, respectively, in Gil-Marı́n
2016 a+b+c. Regarding H(z), our measurement of 2.8% in both
the low and high redshift bins compares to 2.5% and 1.8% in Gil-
Marı́n 2016 a+b+c. Finally our f�8 constraint of 9.5% and 8.9% in
the low and high redshift bin compares to the LOWZ and CMASS
measurements of 9.2% and 6.0% by Gil-Marin 2016a+b+c. One
can attribute the improvement in Gil-Marı́n 2016a+b+c when com-
pared to our measurement to the use of the bispectrum, which has
not been used in our analysis.
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Figure 15. Left-hand panel: Comparison of f�8(z) measurements across previous BOSS measurements in DR11 (Alam et al. 2015b; Beutler et al. 2014a;
Samushia et al. 2014; Sánchez et al. 2014) and DR12 (Gil-Marı́n et al. 2016b,c; Chuang et al. 2016) samples. Right-hand panel: The f�8(z) results from this
work compared with the measurements of the 2dfGRS (Percival et al. 2004b) and 6dFGS (Beutler et al. 2012), the GAMA (Blake et al. 2013), the WiggleZ
(Blake et al. 2012), the VVDS (Guzzo et al. 2008), and the VIPERS (de la Torre et al. 2013) surveys, as well as the measurements from the SDSS-I and
-II main galaxy sample (Howlett et al. 2015, MGS) and the SDSS-II LRG sample (Oka et al. 2014, DR7). We have plotted conditional constraints on f�8

assuming a Planck ⇤CDM background cosmology. This is one of the best evidence of how growth rate measurements from BOSS again reaffirm the validity
of General Relativity in large scales.

9 COSMOLOGICAL PARAMETERS

9.1 Data sets

We now turn to cosmological interpretation of our results. We will
use the consensus measurements, including our estimated system-
atic error contribution to the covariance matrix, from the BAO-only
and BAO+FS columns of Table 3. In our subsequent figures and ta-
bles, the former case is simply labeled “BAO.”

Following Aubourg et al. (2015), we include the 6dFGS and
SDSS MGS BAO measurements and the BOSS DR11 Ly↵ forest
BAO measurements (see Fig. 14 and §8.3). These are largely in-
dependent and have utilized similar methodologies. We opt not to
include other BAO measurements, notably those from photomet-
ric clustering and from the WiggleZ survey (Blake et al. 2011a,
2012), as the volumes partially overlap BOSS and the errors are
sufficiently large that a proper inclusion would not substantially
affect the results. As shown in Aubourg et al. (2015), these mea-
surements are in good agreement with those from BOSS. We note
in particular the good match to the WiggleZ results, as this was a
sample of strongly star-forming galaxies in marked contrast to the
red massive galaxies used in BOSS. The dual-tracer opportunity
was studied extensively with a joint analysis of the overlap region
of WiggleZ and BOSS (Beutler et al. 2016a).

We further opt not to include other RSD measurements be-
yond BOSS, as they come from a variety of analysis and modelling
approaches. One can see from Figure 15 that the measurements
from other surveys are consistent with those from BOSS within
their quoted errors, and the error bars in all cases are large enough
that there are potential gains from combining multiple measure-
ments. However, in contrast to BAO measurements, systematic er-
rors associated with non-linear clustering and galaxy bias are a ma-
jor component of the error budget in any RSD analysis, and these
systematics may well be covariant from one analysis to another in
a way that is difficult to quantify. Because of systematic error con-
tributions, we do not consider it feasible to carry out a robust joint
RSD analysis with other measurements.

In all cases, we combine with CMB anisotropy data from the

Planck 2015 release (Planck Collaboration XIII 2015). We use the
power spectra for both temperature and polarization; in detail, we
use the likelihoods plik dx11dr2 HM v18 TTTEEE and lowTEB
for the high and low multipoles, respectively. We do not include
the information from the lensing of the CMB in the 4-point corre-
lations of the CMB temperature anisotropies. We will discuss the
impact of the recent (Planck Collaboration XLVI 2016) large-angle
polarization results in §9.4.

We note that there is some mild tension between the Planck
2015 results and those from combining WMAP, SPT, and ACT
(Calabrese et al. 2013; Spergel et al. 2015; Bennett et al. 2016).
The Planck data set yields a mildly higher matter density ⌦mh2,
which for ⇤CDM implies a higher ⌦m and �8 and a lower H0.
As in the DR11 results, our BOSS results for ⇤CDM fall in be-
tween these two and therefore do not prefer either CMB option.
We have presented non-Planck results in Anderson et al. (2014b)
and Aubourg et al. (2015) and do not repeat that here, as the sense
of the differences has not changed.

Finally, for some cases, we utilize measurements of the
distance-redshift relation from Type Ia supernovae (SNe) from the
Joint Lightcurve Analysis (JLA, Betoule et al. 2014), which com-
bined SNe from the SDSS-II Supernova Survey (Sako et al. 2014)
and the Supernova Legacy Survey 3-year data set (Conley et al.
2011) together with local and high-z data sets. The combination
of SN measurements with BAO is particularly powerful for con-
straining the low-redshift distance scale (e.g., Mehta et al. 2012;
Anderson et al. 2014b). The SNe provide a higher precision mea-
surement of relative distance at lower redshift where the BAO is
limited by cosmic volume, but the BAO provides an absolute scale
that connects to higher redshift and particularly to the CMB acous-
tic scale at z = 1000. The combination of BAO and SN data also
allows an “inverse distance ladder” measurement of H0 that uses
the CMB-based calibration of rd but is almost entirely insensitive
to the dark energy model and space curvature over the range al-
lowed by observations (Aubourg et al. 2015).
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✔ Galaxy redshift surveys are DONE at low z. 
 
✔ Future surveys go towards higher z, 
    to map out expansion & growth history in detail. 



What will future surveys observe?
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◆ Future surveys weigh high redshift 
    → galaxies with strong emission line 
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Figure 9. UV/Optical/NIR: Estimates of the product b ⇥ ⌫I⌫ of Ly↵, H↵,
H�, OII and the OIII doublet as a function of the observed wavelength. Due
to Earth’s observational constraints and the di�culties in UV observations
we only consider observed emission from the near UV till NIR. All plotted
lines are for the redshift interval z = 0� 5, except Ly↵ where we cut bellow
z ⇠ 1.9.

Figure 10. FIR: Estimates of the product b ⇥ ⌫I⌫ of CII and the other
Oxygen and Nitrogen FIR emission lines as a function of the observed
wavelength. We also plot the CMB intensity for comparison. All plotted
lines are for the redshift interval z = 0 � 5.

promising lines for IM. They easily contaminate the signal of each
other and CII at lower redshifts. Furthermore, CI, Si and Ne lines,
which have not been included, will further contaminate the signal
(Uzgil et al. 2014).

In figure 11 we compare the bias times the intensity of several
rotational transitions of CO. We also plot the high redshift emission
of CII as comparison. We do not show the CMB emission since it
will be just a background at a fixed temperature. One can see that
the lowest three lines could be used for IM at intermediate to high
redshifts. In the case of CO(1-0) contamination will come mainly
from CO(2-1) at redshifts bellow ⇠ 6.2. Both CO(2-1) and CO(3-
2) will be contaminated by higher J rotation lines at lower redshift
and therefore cannot be used for IM in these regimes. Also one can
see that CO(3-2) will be subdominant with respect to CO(2-1) at
z & 3.5 but at intermidiate redshifts one can still use it as an IM
probe.

Figure 11. COs: Estimates of the product b ⇥ ⌫I⌫ CO rotational transitions
as a function of the observed wavelength. All plotted CO lines are for the
redshift interval z = 0 � 5. We also plot the CII emission for comparison.

Table 2. Observational wavelength range and corresponding redshift range
(up to z = 5) for which lines dominate the signal based on our estimates
using Be13 model (Behroozi et al. 2013) for the SFR. These values are to
be read as indication where these lines dominate although a wide range can
still be used using masking and cleaning methods.

Emission Wavelength Redshift Spectral
line range range class
Ly↵ 122-679 nm 0.0-4.58 UV/Optical
OII 679-1131 nm 0.82-2.03 Optical/NIF
H↵ 1.25-3.94 µm 0.9-5 NIF
CII 249-948 µm 0.57-5 FIR
CO(3-2) 1.24-4.06 mm 0.43-3.69 Radio(Millimetre)
CO(2-1) 4.06-7.8 mm 2.12-5 Radio(Millimetre)
CO(1-0) 8.48-15.6 mm 2.60-5 Radio(Millimetre)

Figures 9, 10 and 11 and a mere indication about which lines
dominate the observed intensity and where in the spectrum. Other
e↵ects, such the power spectrum of very low redshift lines, may
still create high contamination (although one expects to be able to
mask it). Nonetheless we summarize in table 2 the potential intens-
ity mapping lines and the wavelength range where their intensity
is dominant up to redshift 5. We also state which redshifts could
be probed by these lines. These fall in a wide range of the elec-
tromagnetic spectra, some of which lie outside the observable at-
mospheric windows requiring space experiments. In summary, one
can say that the best candidates to be used for cosmological IM sur-
veys at lower-to-intermediate redshifts are Ly↵, OII, H↵, CII and
the lower CO transitions.

5 SURVEYS

An Intensity Mapping experiment requires that one can separate the
incoming light from a field into wavelength (and therefore redshift)
bins. For ground-base telescopes one can either use low resolution
spectroscopy with narrow band filters, Fabry-Pérot filters or Integ-
ral Field Units (IFUs) for high resolution spectroscopy. IR lines,
specially in the NIR can only be observed from space. The FIR and
sub/millimeter o↵er more possibilities since dish experiments and
optical-like settings at high altitudes can o↵er ground based sur-
veys. We will discuss the possibility of measuring the power spec-
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◆ There shall be another probe of the 3D Galaxy Clustering  
    in such emission line surveys. 
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Intensity Mapping as another probe
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Galaxy clustering only with number count with high S/N? → No! 

Figure 1: Ly↵ surface brightness image at z = 3 from the Ly↵ RT+Illustris simulation. The image is 75h�1
cMpc on

side and the width of the image is 75h�1
cMpc. The open circles show the positions of > 10

12
M� haloes.

Figure 2: The average Ly↵ line profiles of galaxies hosted in hMhi ⇡ 2.1⇥10

12, 2.4⇥10

11, 6.5⇥10

10
M� haloes from

left to right. The line profile is normalized such that the total flux is unity.
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Detection of Lyα IM in Croft+(2016)
◆ Lyα Intensity Mapping from BOSS in Croft+, MNRAS (2016)
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Lyman α emission intensity 3543

resolving power is R ∼ 1400 for the range λ = 3800–4900 Å, and
is kept above R = 1000 for the remainder of the wavelength range.
The fibres have a diameter of 120 µm, corresponding to 2 arcsec in
angle. We restrict the redshift range of data we use in our analysis
to 2.0 < z < 3.5, due to the spectrograph cutoff at low redshift and
the limited number of observed quasars at high redshift.

2.1 Spectra

The 987 482 galaxy spectra in our sample are of targeted luminous
red galaxies (LRGs) which are within redshifts z ∼ 0.15 and z ∼ 0.7.
The redshift range of the original targets is not important to our
study, as for each spectrum we make use only of the pixels for
which the Ly α emission line lies within the redshift range specified
above (2.0 < z < 3.5). In observed wavelength units this is 3647–
5470 Å. We also make use of 146 065 sky fibre spectra.

The main BOSS LRG programme consists of two galaxy target
samples (see Dawson et al. 2013), designated CMASS (for constant
mass) and LOWZ (for low redshift). The LOWZ galaxy sample is
composed of massive red galaxies spanning the redshift range 0.15
! z ! 0.4. The CMASS galaxy sample is composed of massive
galaxies spanning the redshift range 0.4 ! z ! 0.7. Both samples
are colour-selected to provide near-uniform sampling over the com-
bined volume. The faintest galaxies are at r = 19.5 for LOWZ and
i = 19.9 for CMASS. Colours and magnitudes for the galaxy se-
lection cuts are corrected for Galactic extinction using Schlegel,
Finkbeiner & Davis (1998) dust maps. We do not differentiate be-
tween CMASS and LOWZ samples in our analysis.

The spectroscopic measurement pipeline for BOSS is described
in detail in Bolton et al. (2012). The most important data products
that are used in the present analysis are: (i) wavelength-calibrated,
sky-subtracted, flux-calibrated and co-added object spectra, which
have been rebinned on to a uniform baseline of #log10λ = 10−4

(about 69 km s−1 pixel−1); (ii) statistical error-estimate vectors for
each spectrum (expressed as inverse variance) incorporating con-
tributions from photon noise, CCD read noise and sky-subtraction
error; (iii) mask vectors for each spectrum.

2.1.1 Data preparation

For each of the LRG spectra, we subtract the best-fitting model
spectrum provided by the pipeline. This template model spectrum
(see Bolton et al. 2012 for details) is computed using least-squares
minimization comparison of each galaxy spectrum to a full range
of galaxy templates. A range of redshifts is explored, with trial red-
shifts spaced every pixel. At each redshift, the spectrum is fitted with
an error-weighted least-squares linear combination of redshifted
template eigenspectra in combination with a low-order polynomial.
The polynomial terms absorb Galactic extinction, intrinsic extinc-
tion and residual spectrophotometric calibration errors (typically at
the 10 per cent level) that are not fully spanned by the eigenspec-
tra; there are three polynomial degrees of freedom for galaxies. The
template basis sets are derived from rest-frame principal-component
analyses of training samples of galaxies, and have four degrees of
freedom (eigenspectra).

After subtraction of the best-fitting template spectrum, we com-
pute the average residual spectrum of all galaxies. This is displayed
in Fig. 1 where the horizontal axis is labelled in units of the redshift
of the Ly α line. Fig. 1 also presents the mean sky spectrum and the
sky-subtracted sky spectrum.

We can see that the residual surface brightness per unit wave-
length (hereafter shortened to ‘surface brightness’ – we use this term
to refer to the quantity measured throughout the paper, which is most

Figure 1. Black line: the average residual surface brightness in all 987 482
LRG spectra after subtraction of the best-fitting galaxy model. The bottom
horizontal axis is in units of the redshift of the Ly α line and the top in
units of observed wavelength. Red line (top): the average sky fibre surface
brightness in all 146 065 sky fibre spectra. Cyan line: the average sky fibre
surface brightness with model sky subtracted from all sky fibre spectra. In
all curves, the prominent emission line at wavelength λ = 4358 Å is due to
terrestrial airglow from Mercury streetlamps (the Hg G-line).

precisely the flux density per unit solid angle per unit wavelength)
in the galaxy fibres is within ±10−19 erg s−1 cm−2 Å−1 arcsec−2 for
most of the redshift range. There are however significant excur-
sions corresponding to features including the zero redshift calcium
H and K lines (at 3969 and 3934 Å) and a strong Mercury G line
from streetlamps (at 4358 Å). In our analysis we subtract the mean
residual surface brightness, from all spectra before cross-correlating
them as we are only interested in the fluctuations in the Ly α sur-
face brightness. In order to reduce noise, we also mask two regions
corresponding to large features in the residual surface brightness,
40 and 30 Å windows centred on wavelengths 3900 and 4357 Å,
respectively (corresponding to redshifts z = 2.21 and 2.58).

Comparing the sky fibre and galaxy fibre residual spectra, we
can see that there are differences at the ∼10−19 erg s−1 level over
much of the spectra. We attribute these to galaxy surface brightness
that was not subtracted perfectly by the galaxy model. In our cross-
correlation technique for measuring clustering in the Ly α emis-
sion, we necessarily subtract the mean surface brightness, therefore
residual fluctuations seen in Fig. 1 are not problematic except for
the noise they contribute.

2.2 Quasars

We use quasars from the SDSS/BOSS DR10 catalogue (Ahn et al.
2014). The quasar target sample included both colour-selected can-
didates and known quasars (Bovy et al. 2011; Kirkpatrick et al.
2011; Ross et al. 2012, 2013). The candidate quasar spectra were
all visually inspected and redshift estimates computed using a prin-
cipal component analysis (see Pâris et al. 2012 for the details of the
procedure as applied to DR9 quasars). We select the 130 812 quasars
in the DR10 data set that have redshifts in the range 2.0 < z < 3.5.
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respectively (corresponding to redshifts z = 2.21 and 2.58).
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the noise they contribute.
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2014). The quasar target sample included both colour-selected can-
didates and known quasars (Bovy et al. 2011; Kirkpatrick et al.
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Detection of Lyα IM in Croft+(2016)
◆ Lyα Intensity Mapping from BOSS in Croft+, MNRAS (2016)

fiber

subtract stacked  
galaxy spectrum

Lyman α emission intensity 3543

resolving power is R ∼ 1400 for the range λ = 3800–4900 Å, and
is kept above R = 1000 for the remainder of the wavelength range.
The fibres have a diameter of 120 µm, corresponding to 2 arcsec in
angle. We restrict the redshift range of data we use in our analysis
to 2.0 < z < 3.5, due to the spectrograph cutoff at low redshift and
the limited number of observed quasars at high redshift.

2.1 Spectra

The 987 482 galaxy spectra in our sample are of targeted luminous
red galaxies (LRGs) which are within redshifts z ∼ 0.15 and z ∼ 0.7.
The redshift range of the original targets is not important to our
study, as for each spectrum we make use only of the pixels for
which the Ly α emission line lies within the redshift range specified
above (2.0 < z < 3.5). In observed wavelength units this is 3647–
5470 Å. We also make use of 146 065 sky fibre spectra.

The main BOSS LRG programme consists of two galaxy target
samples (see Dawson et al. 2013), designated CMASS (for constant
mass) and LOWZ (for low redshift). The LOWZ galaxy sample is
composed of massive red galaxies spanning the redshift range 0.15
! z ! 0.4. The CMASS galaxy sample is composed of massive
galaxies spanning the redshift range 0.4 ! z ! 0.7. Both samples
are colour-selected to provide near-uniform sampling over the com-
bined volume. The faintest galaxies are at r = 19.5 for LOWZ and
i = 19.9 for CMASS. Colours and magnitudes for the galaxy se-
lection cuts are corrected for Galactic extinction using Schlegel,
Finkbeiner & Davis (1998) dust maps. We do not differentiate be-
tween CMASS and LOWZ samples in our analysis.

The spectroscopic measurement pipeline for BOSS is described
in detail in Bolton et al. (2012). The most important data products
that are used in the present analysis are: (i) wavelength-calibrated,
sky-subtracted, flux-calibrated and co-added object spectra, which
have been rebinned on to a uniform baseline of #log10λ = 10−4

(about 69 km s−1 pixel−1); (ii) statistical error-estimate vectors for
each spectrum (expressed as inverse variance) incorporating con-
tributions from photon noise, CCD read noise and sky-subtraction
error; (iii) mask vectors for each spectrum.

2.1.1 Data preparation

For each of the LRG spectra, we subtract the best-fitting model
spectrum provided by the pipeline. This template model spectrum
(see Bolton et al. 2012 for details) is computed using least-squares
minimization comparison of each galaxy spectrum to a full range
of galaxy templates. A range of redshifts is explored, with trial red-
shifts spaced every pixel. At each redshift, the spectrum is fitted with
an error-weighted least-squares linear combination of redshifted
template eigenspectra in combination with a low-order polynomial.
The polynomial terms absorb Galactic extinction, intrinsic extinc-
tion and residual spectrophotometric calibration errors (typically at
the 10 per cent level) that are not fully spanned by the eigenspec-
tra; there are three polynomial degrees of freedom for galaxies. The
template basis sets are derived from rest-frame principal-component
analyses of training samples of galaxies, and have four degrees of
freedom (eigenspectra).

After subtraction of the best-fitting template spectrum, we com-
pute the average residual spectrum of all galaxies. This is displayed
in Fig. 1 where the horizontal axis is labelled in units of the redshift
of the Ly α line. Fig. 1 also presents the mean sky spectrum and the
sky-subtracted sky spectrum.

We can see that the residual surface brightness per unit wave-
length (hereafter shortened to ‘surface brightness’ – we use this term
to refer to the quantity measured throughout the paper, which is most

Figure 1. Black line: the average residual surface brightness in all 987 482
LRG spectra after subtraction of the best-fitting galaxy model. The bottom
horizontal axis is in units of the redshift of the Ly α line and the top in
units of observed wavelength. Red line (top): the average sky fibre surface
brightness in all 146 065 sky fibre spectra. Cyan line: the average sky fibre
surface brightness with model sky subtracted from all sky fibre spectra. In
all curves, the prominent emission line at wavelength λ = 4358 Å is due to
terrestrial airglow from Mercury streetlamps (the Hg G-line).

precisely the flux density per unit solid angle per unit wavelength)
in the galaxy fibres is within ±10−19 erg s−1 cm−2 Å−1 arcsec−2 for
most of the redshift range. There are however significant excur-
sions corresponding to features including the zero redshift calcium
H and K lines (at 3969 and 3934 Å) and a strong Mercury G line
from streetlamps (at 4358 Å). In our analysis we subtract the mean
residual surface brightness, from all spectra before cross-correlating
them as we are only interested in the fluctuations in the Ly α sur-
face brightness. In order to reduce noise, we also mask two regions
corresponding to large features in the residual surface brightness,
40 and 30 Å windows centred on wavelengths 3900 and 4357 Å,
respectively (corresponding to redshifts z = 2.21 and 2.58).

Comparing the sky fibre and galaxy fibre residual spectra, we
can see that there are differences at the ∼10−19 erg s−1 level over
much of the spectra. We attribute these to galaxy surface brightness
that was not subtracted perfectly by the galaxy model. In our cross-
correlation technique for measuring clustering in the Ly α emis-
sion, we necessarily subtract the mean surface brightness, therefore
residual fluctuations seen in Fig. 1 are not problematic except for
the noise they contribute.

2.2 Quasars

We use quasars from the SDSS/BOSS DR10 catalogue (Ahn et al.
2014). The quasar target sample included both colour-selected can-
didates and known quasars (Bovy et al. 2011; Kirkpatrick et al.
2011; Ross et al. 2012, 2013). The candidate quasar spectra were
all visually inspected and redshift estimates computed using a prin-
cipal component analysis (see Pâris et al. 2012 for the details of the
procedure as applied to DR9 quasars). We select the 130 812 quasars
in the DR10 data set that have redshifts in the range 2.0 < z < 3.5.
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Lyman α emission intensity 3545

Figure 2. The quasar–Ly α emission cross-correlation function, ξqα(r) (see
equation 1). The points represent results for the fiducial sample that covers
redshift range 2.0 < z < 3.5. The error bars have been calculated using a
jackknife estimator and 100 subsamples of the data. The smooth curve is
a best-fitting linear CDM correlation function (see Section 3.2). The top
panel shows the ξqα(r) results with a log y-axis scale, and the bottom panel
displays rξqα(r) on a linear scale in order to allow points which are negative
to be visible.

where δ = (ρ − ⟨ρ⟩)/⟨ρ⟩ and ρ is the matter density field. The
factor bα in equation (3) relates fluctuations δµ in the Ly α surface
brightness µ to matter fluctuations according to

δµ = µ − ⟨µ⟩
⟨µ⟩

= bαδ. (5)

In the absence of radiative transfer effects (Zheng et al. 2011a; see
Section 6.4), the Ly α surface brightness µ is proportional to the
Ly α luminosity density ρL of the underlying star-forming galaxy
population. The fluctuations δL of the latter can be characterized by
the bias factor bL,

δL = ρL − ⟨ρL⟩
⟨ρL⟩

= bLδ, (6)

and we have bα = bL. As bL reflects weighting by luminosity rather
than by number, it is likely to be significantly higher than bLAE, be-
cause higher luminosity emitters tend to be more strongly clustered.

The radiative transfer effect modifies this relation to bα = bL + α1

with α1 a positive number (see Section 6.4). Overall, we expect bα

to be substantially higher than bLAE. We will return to this topic in
Section 5.

We use the linear CDM transfer function of Lewis, Challinor &
Lasenby (2000) to compute ξ (r). In our computations we choose
to vary the shape of the correlation function by changing %m, the
matter density, in the context of the &CDM model, keeping the other
parameters which influence the shape (such as h, and the baryon
density %b) fixed. Parameters have been reported for the best-fitting
&CDM model to the Planck satellite data by Planck Collaboration
XVI et al. (2014). We assume Planck values for %b = 0.049 and the
spectral index ns = 0.9603 but set h = 0.7. Note that we are merely
using %m to parametrize the shape of the correlation function to see
if it is consistent with other observations, and are not presenting
our results for %m as properly marginalized measurements of that
parameter.

The other free parameter is the amplitude, bqbα fβ⟨µ⟩. We as-
sume in all cases that the underlying amplitude of mass fluctuations
σ 8(z = 0) = 0.83, and therefore that σ 8(z = 2.55) = 0.294, again
consistent with Planck Collaboration XVI et al. (2014).

We fit our model to the data in Fig. 2 by varying these two
parameters. The χ2 value is given by

χ2 =
∑

N

[
ξ obs

qα (ri) − ξmod
qα (ri)

]
C−1

ij

[
ξ obs

qα (rj ) − ξmod
qα (rj )

]
, (7)

where the sum is over the N = 20 bins, ξ obs
qα (ri) is the observed

cross-correlation measured in bin i, ξmod
qα (ri) is the model prediction

for bin i, and Cij is the covariance matrix computed using our 100
jackknife samples in equation (2).

The best-fitting values and 1σ error bars are as follows:

bqbαfβ⟨µ⟩ = 3.33+0.41
−0.43 × 10−20 erg s−1 cm−2 Å−1 arcsec−2, (8)

and %m = 0.296+0.103
−0.071. The shape parameter %m is consistent with

the best-fitting value from the Planck satellite results (Planck Col-
laboration XVI et al. 2014, %m = 0.30). The 1σ , 2σ and 3σ

confidence contours in these parameters considered together (i.e.
*χ2=2.3, 6.17 and 11.8) are displayed along with the best-fitting
values in Fig. 3.

Our linear fit to the isotropically averaged correlation function
neglects non-linear effects and redshift measurement errors. We
leave more detailed non-linear and halo modelling of the correlation
function to future work.

3.3 Clustering transverse and parallel to line of sight

We also compute the quasar–Ly α cross-correlation as a function
of r∥ and r⊥, the quasar–pixel pair separation along and across the
line of sight, shown in Fig. 4, on a linear scale. We can see that
the contours are relatively symmetric about the r∥ = 0 axis and
somewhat stretched along the r∥ direction. Font-Ribera et al. (2013)
found a redshift offset between quasars and the Ly α forest of δz =
−160 km s−1, due to the quasar catalogue redshifts being on average
too small by this amount. This correlation resulted in the quasar–
Ly α forest cross-correlation being shifted upwards by this amount.
The precision of the quasar–Ly α emission cross-correlation in our
paper is smaller, but visual inspection of Fig. 4 reveals that the
position of the centroid of the cross-correlation is consistent with a
small upward shift of this magnitude (1.6 h−1 Mpc at this redshift).

On the scales where the cross-correlation is easy to discern (r
! 20h−1 Mpc), there is no sign of compression due to linear infall

MNRAS 457, 3541–3572 (2016)

 at M
PI Study of Societies on A

pril 12, 2016
http://m

nras.oxfordjournals.org/
D

ow
nloaded from

 
◆ its shape consistent with LCDM.3546 R. A. C. Croft et al.

Figure 3. Fit parameters for the amplitude bqbα fβ ⟨µ⟩ and shape #m (for
fixed h and other parameters) of a linearly biased CDM model fit to the Ly α

cross-correlation function plotted in Fig. 2. The dot indicates the best-fitting
parameters and the contours show the 1σ , 2σ and 3σ confidence contours.

(Kaiser 1987). The redshift-space distortions should be less promi-
nent compared to the Ly α forest because of the expected higher
bias for the Ly α emission. In reality there appears to be stretching
along the line of sight (we quantify this below), which might be
due to a combination of quasar redshift errors, the intrinsic velocity

dispersion of quasars in their host haloes, or the intrinsic velocity
dispersion of the sources of Ly α emission.

Another source of apparent clustering anisotropy could be the
radiative transfer effects predicted by Zheng et al. (2011a). It was
shown by these authors, using cosmological radiation hydrody-
namic simulations, that Ly α radiative transfer has a strong environ-
mental dependence which can cause the apparent spatial distribution
of Ly α emission to become anisotropic with respect to the line-of-
sight direction. Density fluctuations along the line-of-sight direction
are found to preferentially emit the Ly α radiation in that direction in
overdense regions, mainly because of the effect of peculiar velocity
gradients on the Ly α radiative transfer. This causes a suppression
of the line-of-sight fluctuation, which can be modelled similarly to
the Kaiser effect (also caused by the peculiar velocity gradient),
even though the sign of the effect is opposite.

3.4 Fitting redshift-space distortions

In order to approximately quantify the level of distortion in Fig. 4
and its statistical significance, we have investigated fitting a redshift-
space distortion model to the ξ qα (r⊥, r∥) data. To compute the
model for ξ qα (r⊥, r∥), we first assume the linear &CDM correlation
function shape used in equation (3) and then use a model for peculiar
velocities to distort it in redshift space. Our peculiar velocity model
includes standard linear infall for large-scale flows (Kaiser 1987)
and a small-scale random velocity dispersion (e.g. Davis & Peebles
1983).

The parametrization of the model for linear infall allows for
stretching (outflow) as well as squashing (infall) along the line

Figure 4. Left-hand panel: the quasar–Ly α cross-correlation ξqα as a function of r∥ and r⊥. The units (of Ly α surface brightness) are the same as in Fig. 2.
The contours are spaced at values of 10−21 erg s−1 cm−2 Å−1 arcsec−2. To reduce noise in the image, the data set was smoothed with a Gaussian filter with σ =
4 h−1 Mpc (2 cells) before plotting. Right-hand panel: the model fit to the quasar–Ly α cross-correlation including redshift-space distortions (see Section 3.4).
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Detection of Lyα IM in Croft+(2016)

◆ amplitude x30 higher than expectedLyman α emission intensity 3555

Figure 16. Probability distribution functions (PDFs) of Ly α luminos-
ity density (solid curves) and halo-bias-weighted Ly α luminosity density
(dashed curves) for our fiducial model. The PDFs are computed as propor-
tional to the average Ly α luminosity or halo-bias-weighted Ly α luminos-
ity in haloes of mass M multiplied by the differential halo mass function
dn/dlog M. The blue curves use only the Ly α luminosity of central galaxies,
and the red curves include contributions from satellite galaxies. All curves
have been normalized to unity at their respective maxima. See the text for
further details concerning the model.

luminosity density distribution. The dashed curves in Fig. 16 show
these probability distributions. With the satellite contribution in-
cluded, the curve peaks around log (M/M⊙) = 12.6. Taking the
full width at half-maximum (FWHM) of the curve, the fiducial
model implies that the signal in the cross-correlation should mainly
come from Ly α emission in haloes of mass (1–20) × 1012 M⊙.

Finally, as mentioned in Section 3.2, bL is not the same as bα once
the radiative transfer effect is taken into account. A simple model
shows that bα = bL + α1 with α1 a positive number (see Section
6.4). The value of α1 is not readily known without detailed radiative
transfer modelling. Overall, we expect bα to be larger than ∼3. We
choose to parametrize derived quantities in terms of (3/bα).

An additional uncertain factor to consider is the modification to
clustering caused by redshift-space distortions. This is embodied in
the fβ parameter. We have seen in Section 3.4 that measurements
of anisotropies in clustering give a measurement of βα = #0.6

m (z =
2.55)/bα = −0.76 ± 0.36. This negative value of βα is of the form
expected to be caused by radiative transfer effects on clustering
(Zheng et al. 2011a) and is opposite in sign to the usual Kaiser
(1987) peculiar velocity redshift-space distortions. Nevertheless,
this redshift-space distortion model was shown in Section 3.4 to
give a reasonable fit to the data and one can use this to compute the
factor fβ as fβ = 1 + 1

3 (βq + βα) + 1
5 (βqβα) (from equation 10).

If we do this we find that the value of fβ = 0.80 ± 0.15, which
we take as a reasonable estimate of the reduction of the monopole
term due to spreading the correlation along the line of sight. Even
though gravitational evolution is not the physically correct model for
interpreting our observations owing to the negative value we obtain
for βα , a model with redshift-space distortion plus radiative transfer
effect does seem to work reasonably well here (see Section 6.4).

Figure 17. The star formation rate density (ρSFR) inferred from our mea-
surement of the mean Ly α surface brightness in the Universe between z =
2 and 3.5 (see Section 5) is shown as the red point with solid line error bars,
assuming that the linear bias factor for Ly α emission is bα = 3, a reasonable
value for the luminosity-weighted clustering of star-forming galaxies (see
Section 5). The true value of bα is unknown, so this data point should be
scaled by 3/bα . We note this point has been calculated under the assumption
that the Ly α surface brightness seen is in fact largely due to star-forming
galaxies, and that cooling radiation and quasar heating may also contribute
as discussed in Section 6.3. Other data values plotted with open (black)
symbols are from published ρSFR values which used UV estimators. The
solid (blue) points show estimates of ρSFR computed from the luminosity
functions of surveys for Ly α emitters. The references are given in Section
5. The shaded area represents the range of dust corrected UV estimates
compiled by Bouwens et al. (2010).

We use this value and propagate the errors from the bias mea-
surements and our measurement of bqbαfβ⟨µ⟩ (for fixed shape
parametrized by #m = 0.30), to compute the mean Ly α surface
brightness at z = 2.55, finding

⟨µα⟩ = (3.9 ± 0.9) × 10−21(3/bα) erg s−1 cm−2 Å−1 arcsec−2.

(20)

We convert this into a comoving Ly α luminosity density ϵα using

ϵα = 4π⟨µα⟩
H (z)

c
λα(1 + z)2, (21)

where c is the speed of light and λα = 1216 Å. We find the value
ϵα = 3.1 × 1041(3/bα) erg s−1 Mpc−3. We then use equation (17) to
convert this into a measurement of the star formation rate density

ρSFR(z = 2.55) = (0.28 ± 0.07)
3
bα

M⊙ yr−1 Mpc−3. (22)

As mentioned before, the conversion depends on the assumption
about the underlying stellar population. A younger population and
lower metallicity would lead to a lower inferred SFR, which could
be an important effect for interpreting our results. Keeping this
possibility in mind, we proceed with the discussion by using the
above result from the commonly adopted conversion factor.

We plot this result in Fig. 17 as the red point, for the chosen value
of bα = 3. We note that the true value for the parameter bα is not
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What is measured in IM?
◆ Intensity or flux is related to luminosity density
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The HETDEX Survey
◆ The Hobby-Eberly Telescope Dark Energy Experiment (2016-2019)


- Collaboration


- PI: Gary J. Hill (Univ. of Texas) 


- ~50 people: U Texas, McDonald Obs, Penn State, Texas A&M 

                    LMU, AIP, MPE/MPA, Gottingen, Oxford


- Instrument


- 10m Hobby-Eberly Telescope at McDonald Observatory


- 33k spectra (448 fibers/IFU x 75 units) at one 20mins exposure


    - λ=350–550nm, R~700, a flux sensitivity~a few x 10–17 erg/cm2/s  

    ➡ ~0.8M Lyman Alpha Emitters (LAEs) over 400deg2 & 1.9 < z < 3.5 

        + 1M OII-emitters at z < 0.5

First blind survey & First 10Gpc3-class survey at high z 



Blind Survey & Sparse Sampling
•Each “shot” in the sky contains 75 IFUs
•Spending 20 minutes per shot ~ 200 LAEs

•We do not completely fill the focal plane 
(if only we had more IFUs...)
•This is the “sparse sampling” method

41Chiang et al. (2016)

in total, 4000 shots 
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•Each “shot” in the sky contains 75 IFUs
•Spending 20 minutes per shot ~ 200 LAEs

•We do not completely fill the focal plane 
(if only we had more IFUs...)
•This is the “sparse sampling” method

41Chiang et al. (2016)

in total, 4000 shots 

Fibers fabricated at AIP Potsdam

Put into cables...

One IFU feeds two spec.

448 fibers per IFU

A test fibers being lita Lo~ong fiber!



Blind Survey & Sparse Sampling
•Each “shot” in the sky contains 75 IFUs
•Spending 20 minutes per shot ~ 200 LAEs

•We do not completely fill the focal plane 
(if only we had more IFUs...)
•This is the “sparse sampling” method

41Chiang et al. (2016)

in total, 4000 shots 



HETDEX as the IM survey

12

◆ Original survey design  

 - 33k spectra (448 fibers/IFU x 75 units) at one 20mins exposure 

 - 4000 shots over 400 deg2 

 - will find ~0.8M LAEs + ~0.9M OIIEs = ~1.7M objects detected 

 

◆ BUT we can do better!  
 - More importantly, the first blind large-scale survey with IFU  

 ➡ 1.7M/(33k x 4000) ~ only 1% is used in the original design 

 ➡ Intensity Mapping: propose to extract information from 99%.

HETDEX is a unique survey to perform the Intensity Mapping.  

How much cosmological information can we obtain?



Log-Normal simulation of IM

Pg⇢L(k) = h�ng�⇢Li = n̄g⇢̄Lb
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◆ We developed a c++ code to generate logN distribution of IM. 

  - given luminosity function, generate luminosity density 

  - RSD is implemented! 

  - separate python script to convert            into                w/ noise  

  - To-Do-List includes b(L) & sparse sampling.  
 

◆ simple feasibility study for HETDEX (300deg2, 1.9<z<2.5) 

  - Vbox = 0.874 (Gpc/h)3, z = 2.2, Ngrid=5123 (Lgrid=5.63 Mpc/h), b(L) = 1.5

⇢L(~x) �I�(~✓,�)



Lyα Luminosity Function

2 Saito et al.

Note that ‘h’ does not stand for host halos here and the halo occupation distribution (HOD) can be included in
δh(x;Mh) if necessary. Now it is important to note that the observed flux fluctuation is weighted by luminosity. On
the other hand, the number density fluctuation of LAE galaxies is expressed as

δg(x) =
n(x)− n̄(z)

n̄(z)
, (7)

where the mean number density is given by

n̄(z) =

∫ Lmax

Lmin

dL
dn̄

dL
(z), (8)

and its fluctuation is not weighted by luminosity:

δng(x) =

∫ Lmax

Lmin

dL
dn̄

dL
(z) δh(x;L), (9)

3.2. Lyα luminosity function
The Lyα luminosity function, dn̄/dL, at z ∼ 2 is well measured in the literature (citations!). Konno et al. (2015)

has recently reported a deep (and hence extendable to faint end) measurement by deep Subaru narrow band survey.
Figure 1 shows their measurement. They also argue that the bump at bright end, logLLyα ! 43.0, is likely to be
contaminated by AGNs, since some of them are confirmed to be associated with counterparts in other wavelengths
such as X-ray, UV, and radio. Given this consideration, they perform the fitting to the simple Schechter function in
the luminosity range of logLLyα = [41.7, 44.4]:

dn̄

d logL
(z = 2.2) = φ∗(ln 10)

(
L

L∗

)α+1

exp

(
− L

L∗

)
, (10)

with the best-fitting parameters being (φ∗, L∗,α) = (6.32+3.08
−2.31 × 10−4 Mpc−3, 5.29+1.67

−1.13 × 1042 erg s−1,−1.75+0.10
−0.09). By

utilizing this best-fitting Schechter function, let us estimate how sensitive the luminosity range the LAE galaxies and
Lyα flux in HETDEX are. The left panel of Figure 2 shows the mean number density as a function of Lmin (see
Equation. (8)). The LAE galaxies in HETDEX are targeted to be n̄ ∼ 8.481 × 10−4 Mpc−3 which corresponds to
logLg,min = 42.20. The right panel of Figure 2 plots the integrand in luminosity density (see Equation. (3)), and
we obtain logLg = 42.52 with logLg,min = 42.20. On the other hand, the Lyα flux shall contain information at
logL < 42.20.

Fig. 1.— (Left) The Lyα luminosity function taken from Figure 5 in Konno et al. (2015). (Right) Comparison of the best-fitting Schechter
functions of the Lyα luminosity function at z ∼ 2.2.

3.3. Cross-correlation power spectrum in real space
We define the power spectrum between two different types of fluctuations as

〈
δX(k)δY (k

′)
〉
= (2π)3PXY (k)δD

(
k + k′) (11)

◆ Taken from Konno+ (2015)

◆ information in luminosity density

- Subaru deep NB survey


- 3,137 LAEs over ~1.5 deg2


- Best-fitting Schechter parameters

- Here estimate the contribution 

  from faint-end LAEs. 
 
- Croft+(2016) found much larger 

  mean       by a factor of ~30(3/bLAI).
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ABSTRACT
We present the Lyα luminosity functions (LFs) derived by our deep Subaru narrowband survey that identifies
a total of 3,137 Lyα emitters (LAEs) at z = 2.2 in five independent blank fields. The sample of these LAEs
is the largest, to date, and covers a very wide Lyα luminosity range of logLLyα = 41.7 − 44.4 erg s−1. We
determine the Lyα LF at z = 2.2 with unprecedented accuracies, and obtain the best-fit Schechter parameters
of L∗

Lyα = 5.29+1.67
−1.13× 1042 erg s−1, φ∗

Lyα = 6.32+3.08
−2.31× 10−4 Mpc−3, and α = −1.75+0.10

−0.09 showing a steep
faint-end slope. We identify a significant hump at the LF bright end (logLLyα > 43.4 erg s−1). Because all
of the LAEs in the bright-end hump have (a) bright counterpart(s) either in the X-ray, UV, or radio data, this
bright-end hump is not made by gravitational lensing magnification bias but AGNs. These AGNs allow us to
derive the AGN UV LF at z ∼ 2 down to the faint magnitude limit of MUV ≃ −22.5, and to constrain the
faint-end slope of AGN UV LF, αAGN = −1.2± 0.1, that is flatter than those at z > 4. Based on the Lyα and
UV LFs from our and previous studies, we find the increase of Lyα escape fraction fLyα

esc from z ∼ 0 to 6 by two
orders of magnitude. This large fLyα

esc increase can be explained neither by the evolution of stellar population
nor outflow alone, but the evolution of neutral hydrogen HI density in inter-stellar medium that enhances dust
attenuation for Lyα by resonance scattering. Our uniform expanding shell models suggest that the typical HI
column density decreases from NHI ∼ 7× 1019 (z ∼ 0) to ∼ 1× 1018 cm−2 (z ∼ 6) to explain the large fLyα

esc
increase.
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1. INTRODUCTION
Deep optical observations identify Lyα emitters (LAEs),

most of which are continuum-faint star-forming galaxies
with a prominent Lyα emission line (e.g., Cowie & Hu
1998; Hu et al. 1998; Rhoads et al. 2000; Steidel et al.
2000; Malhotra & Rhoads 2002; Hayashino et al. 2004;
Matsuda et al. 2004; Taniguchi et al. 2005; Iye et al. 2006;
Kashikawa et al. 2006; Shimasaku et al. 2006; Dawson et al.
2007; Gronwall et al. 2007; Murayama et al. 2007;
Ouchi et al. 2008; Finkelstein et al. 2009; Guaita et al. 2010;
Adams et al. 2011; Kashikawa et al. 2012; Shibuya et al.
2012; Yamada et al. 2012; Konno et al. 2014; Cassata et al.
2015; Sobral et al. 2015). LAEs are found at a wide redshift
range of z ∼ 0 − 8, and Lyα luminosity functions (LFs) of
LAEs are used for probes of galaxy evolution and cosmic
reionization (e.g., Ouchi et al. 2008, 2010; Kashikawa et al.
2011; Shibuya et al. 2012; Konno et al. 2014). In Lyα LFs,
there is an important characteristics at the faint end. Galax-
ies at the faint end dominate in abundance, and faint-end
slopes of Lyα LFs are determined by mass, star-formation
activities, physical conditions of inter-stellar medium (ISM),

konno@icrr.u-tokyo.ac.jp
1 Institute for Cosmic Ray Research, The University of Tokyo, Kashiwa-

no-ha, Kashiwa 277-8582, Japan
2 Department of Astronomy, Graduate School of Science, The Univer-

sity of Tokyo, Hongo, Bunkyo-ku, Tokyo, 113-0033, Japan
3 Kavli Institute for the Physics and Mathematics of the Universe (Kavli

IPMU), WPI, The University of Tokyo, Kashiwa, Chiba 277-8583, Japan
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and feedback effects that are key for understanding galaxy
evolution (e.g., Santos et al. 2004; Rauch et al. 2008).
Although Lyα LFs at various redshifts have been derived
by previous observations, faint-end slopes of the Lyα LFs
are poorly constrained in contrast with those of UV LFs
(e.g., Reddy & Steidel 2009; Oesch et al. 2010; Hathi et al.
2010; Sawicki 2012; Alavi et al. 2014; Bouwens et al. 2015;
Parsa et al. 2015). The faint-end LF slopes are quantified
with α, one of the three Schechter function parameters
(Schechter 1976), depending on the rest of two parameters,
characteristic Lyα luminosity L∗

Lyα and density φ∗
Lyα. Previ-

ous observational studies report α values for z = 2 − 3 Lyα
LFs (e.g., Cassata et al. 2011), assuming a fixed parameter
of L∗

Lyα or φ∗
Lyα. There are some studies that constrain

α values with no assumptions (e.g., Gronwall et al. 2007;
Hayes et al. 2010), but the uncertainties of the Schechter
parameters are very large due to the small number of LAEs.
Although α is a parameter depending on L∗

Lyα and φ∗
Lyα,

so far, none of the observational studies have determined
α simultaneously with L∗

Lyα and φ∗
Lyα due to the small

statistics of LAEs whose Lyα luminosity range is limited.
In theoretical studies, Gronke et al. (2015) predict the three
Schechter function parameters of Lyα LFs at z = 3−6, based
on the measurements of UV LFs and Lyα EW probability
distribution functions (PDFs), and argue that the faint-end
slopes of the Lyα LFs are steeper than those of the UV LFs.

Another important characteristics of Lyα LFs is found
at the bright end. The bright-end LFs are key for under-
standing massive-galaxy formation as well as faint active
galactic nucleus (AGN; e.g., Gawiser et al. 2006; Ouchi et al.
2008; Zheng et al. 2013). Here, we define faint AGNs as
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LAEs are used for probes of galaxy evolution and cosmic
reionization (e.g., Ouchi et al. 2008, 2010; Kashikawa et al.
2011; Shibuya et al. 2012; Konno et al. 2014). In Lyα LFs,
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evolution (e.g., Santos et al. 2004; Rauch et al. 2008).
Although Lyα LFs at various redshifts have been derived
by previous observations, faint-end slopes of the Lyα LFs
are poorly constrained in contrast with those of UV LFs
(e.g., Reddy & Steidel 2009; Oesch et al. 2010; Hathi et al.
2010; Sawicki 2012; Alavi et al. 2014; Bouwens et al. 2015;
Parsa et al. 2015). The faint-end LF slopes are quantified
with α, one of the three Schechter function parameters
(Schechter 1976), depending on the rest of two parameters,
characteristic Lyα luminosity L∗

Lyα and density φ∗
Lyα. Previ-

ous observational studies report α values for z = 2 − 3 Lyα
LFs (e.g., Cassata et al. 2011), assuming a fixed parameter
of L∗

Lyα or φ∗
Lyα. There are some studies that constrain

α values with no assumptions (e.g., Gronwall et al. 2007;
Hayes et al. 2010), but the uncertainties of the Schechter
parameters are very large due to the small number of LAEs.
Although α is a parameter depending on L∗

Lyα and φ∗
Lyα,

so far, none of the observational studies have determined
α simultaneously with L∗

Lyα and φ∗
Lyα due to the small

statistics of LAEs whose Lyα luminosity range is limited.
In theoretical studies, Gronke et al. (2015) predict the three
Schechter function parameters of Lyα LFs at z = 3−6, based
on the measurements of UV LFs and Lyα EW probability
distribution functions (PDFs), and argue that the faint-end
slopes of the Lyα LFs are steeper than those of the UV LFs.

Another important characteristics of Lyα LFs is found
at the bright end. The bright-end LFs are key for under-
standing massive-galaxy formation as well as faint active
galactic nucleus (AGN; e.g., Gawiser et al. 2006; Ouchi et al.
2008; Zheng et al. 2013). Here, we define faint AGNs as
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α simultaneously with L∗
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statistics of LAEs whose Lyα luminosity range is limited.
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Schechter function parameters of Lyα LFs at z = 3−6, based
on the measurements of UV LFs and Lyα EW probability
distribution functions (PDFs), and argue that the faint-end
slopes of the Lyα LFs are steeper than those of the UV LFs.

Another important characteristics of Lyα LFs is found
at the bright end. The bright-end LFs are key for under-
standing massive-galaxy formation as well as faint active
galactic nucleus (AGN; e.g., Gawiser et al. 2006; Ouchi et al.
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noise level

LAEs 
w/ high S/NLyα IM



◆ LAE number density field (on a grid with Lgrid=5.625 Mpc/h)

◆ LA luminosity density field
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Visual Impression of slice at z=2.2



◆ LAE number density field (on a grid with Lgrid=5.625 Mpc/h)

◆ LA luminosity density field
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Visual Impression of slice at z=2.2

with HETDEX instrumental noise (x100)



Auto & Cross Power Spectrum
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- LAE P(k) still dominated by Poisson shot noise. 
 
- LyA IM P(k) has L2-weighted Poisson shot noise.


- high S/N measurement of the cross P(k)!!

Monopole



Auto & Cross Power Spectrum
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Quadrupole

- RSD can be measured similarly to LAEs.



Improvement on Cosmological Constraints

◆ including IM → larger (S/N) by a factor of ~1.35 @kmax=0.5h/Mpc 

◆ translated to ~35% improvement on cosmological constraints


◆ additional ~HETDEX LAE survey is available FOR FREE
18

IM contribution only from 41 < log10( L /ergs-1) < 42.2.

IM only

Prelimin
ary



Summary & Prospects
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◆ Lyα Intensity Mapping in HETDEX is a promising probe  
   of the large-scale structure. In particular, it will be the  
   first high-S/N measurement at large scales, O(100Mpc). 
→ aim at the first detection of BAO using IM (Nature paper?)

◆ First year result [w/ 0.6deg2] will come out in 2017-2018!

◆ Our IM logN code will become publicly available soon! 
  - can be easily applied to e.g., 21cm in MWA/ASKAP/SKA 
  - would be worth planning future surveys 
  - useful to study how well IM can test your theory! 


