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Stellar and Gaseous components
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Star formation history

Madau & Dickinson 2014 
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from the ratio of FIR to observed (uncorrected) FUV luminosity densities (Figure 8) as a

function of redshift, using FUVLFs from Cucciati et al. (2012) and Herschel FIRLFs from
Gruppioni et al. (2013). At z < 2, these estimates agree reasonably well with the measure-

ments inferred from the UV slope or from SED fitting. At z > 2, the FIR/FUV estimates

have large uncertainties owing to the similarly large uncertainties required to extrapolate
the observed FIRLF to a total luminosity density. The values are larger than those for

the UV-selected surveys, particularly when compared with the UV values extrapolated to

very faint luminosities. Although galaxies with lower SFRs may have reduced extinction,
purely UV-selected samples at high redshift may also be biased against dusty star-forming

galaxies. As we noted above, a robust census for star-forming galaxies at z ≫ 2 selected
on the basis of dust emission alone does not exist, owing to the sensitivity limits of past

and present FIR and submillimeter observatories. Accordingly, the total amount of star

formation that is missed from UV surveys at such high redshifts remains uncertain.

Figure 9: The history of cosmic star formation from (top right panel) FUV, (bottom right panel) IR,
and (left panel) FUV+IR rest-frame measurements. The data points with symbols are given in Table
1. All UV luminosities have been converted to instantaneous SFR densities using the factor KFUV =
1.15 × 10−28 (see Equation 10), valid for a Salpeter IMF. FIR luminosities (8–1,000µm) have been
converted to instantaneous SFRs using the factor KIR = 4.5 × 10−44 (see Equation 11), also valid for a
Salpeter IMF. The solid curve in the three panels plots the best-fit SFRD in Equation 15.

Figure 9 shows the cosmic SFH from UV and IR data following the above prescriptions,

as well as the best-fitting function

ψ(z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6
M⊙ year−1 Mpc−3. (15)

These state-of-the-art surveys provide a remarkably consistent picture of the cosmic SFH:

a rising phase, scaling as ψ(z) ∝ (1 + z)−2.9 at 3 ∼
< z ∼

< 8, slowing and peaking at some
point probably between z = 2 and 1.5, when the Universe was ∼ 3.5 Gyr old, followed by

48 P. Madau & M. Dickinson
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Cold gas (HI) component
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HI gas evolution studies
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HI in the local universe
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• HI gas quantified from 21-cm blind surveys: 
- HIPASS: HI Parkes All Sky Survey (Zwaan et al. 2005)  

survey area 21341 deg2, 4315 detections, z < 0.042 
- ALFALFA: Arecibo Legacy Fast ALFA survey (Martin et al. 2010) 

survey area 2799 deg2, 10119 detection, z < 0.06
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HI gas evolution studies
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HI gas at high redshifts

• Knowledge of HI gas from 21-cm observations is 
not available. 

• Different techniques for HI measurement at high 
redshift (z>2): Damped Lyman-𝜶 absorption (DLA).
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DLA
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HI gas evolution studies
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HI gas between low and high-z 
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998 S. Fabello et al.

Figure 4. A schematic representation of the fully processed ALFALFA 3D data cube. The data cubes are 2.4◦ × 2.4◦ in size and about 5500 km s−1 in velocity
range (25 MHz in frequency). The raw spectral resolution is ∼5.5 km s−1; the angular resolution is ∼4 arcmin. For each pixel, which is a point in RA, Dec.
and velocity, a value of flux density is recorded. For each target in sample A, we extract a spectrum at a given position of the sky, over the velocity range of
the data cube which contains the source. Two examples of extracted spectra are shown on the right, illustrating an H I detection (green, bottom) and an H I

non-detection (red, top).

3.1.1 Spectrum extraction

The signal from each target is integrated over a region of the data
cube centred on its 3D position. Because noise increases with the
square root of the integration area, integrating over too large a
region lowers the quality of the spectrum without increasing the
signal. Our GASS targets are always smaller then the ALFA beam
(the mean R90 for sample A is 10 arcsec), so we simply integrate
over a sky region of 4×4 arcmin2. In Fig. 4, we illustrate how we
extract spectra at two different positions in the sky inside the same
data cube. The coloured regions indicate where the spectra would
be evaluated.

The H I spectrum is a histogram of flux density S as a function
of velocity. For each velocity channel v, the corresponding flux
density Sv is obtained by integrating the signal sv(x, y) over the
spatial pixels centred at the target galaxy position, as observed by a
radio telescope of beam response pattern B:

Sv (mJy) = !x!ysv(x, y)
!x!yB(x, y)

,

where x, y are the sky coordinates (the two polarizations are kept
separated). The expression above means that the spatially integrated
profile is obtained by summing the signals over all the spatial pixels
of interest and dividing by the sum of the normalized beam B(x, y)
over the same pixels (for a detailed discussion, see Shostak & Allen
1980). The ALFALFA beam pattern can be approximated by

B(x, y) = exp

[
−1

2

(
x

σx

)2

− 1
2

(
y

σy

)2
]

,

with σx = (2
√

2 ln 2)−1 × 3.3 arcmin, and σy = (2
√

2 ln 2)−1 ×
3.8 arcmin (Giovanelli et al. 2005).

We note that we discard any spectrum if more than 40 per cent
of the pixels have a quality weight w less than 10. We also keep
track of the three strongest continuum sources in an area covering

40 × 40 arcmin2 around each source; strong continuum sources can
affect our spectra by creating standing waves.4

3.1.2 Rms evaluation

For each spectrum we need to measure the rms noise, which will
later be used as a weighting factor when we stack spectra. The rms
has to be evaluated in regions of the spectrum where there is no
emission from the target galaxy, and we also have to avoid spectral
regions where there are any spurious signals (e.g. residual RFI that
we failed to flag or H I emission from companion galaxies). In order
to define the spectral region that might contain galaxy emission, we
estimate its expected H I width as follows.

The expected width of the H I spectrum will depend on the ro-
tational velocity of the galaxy as observed along the line of sight.
We estimate the expected velocity wTF;o for each target, using the
Tully–Fisher relation. Following Giovanelli et al. (1997b), we use
the SDSS i-band magnitude [k-corrected and corrected for Galactic
and internal extinction as in equations (11) and (12) in Giovanelli
et al. (1997a)] to estimate wTF, and the measured inclination of the
galaxy to derive wTF;o. We are aware that the Tully–Fisher relation
does not hold for all morphological types and environments. We do
not think this is a major issue, because these velocities are only used
to estimate the region of the spectrum that should contain significant
signal from the galaxy.

We then fit a first-order polynomial to the baseline after excluding
the region of the spectrum containing signal from the galaxy. This
step allows us to eliminate possible gradients in the background.
(The top right panel in Fig. 4 shows an example of a spectrum
where the baseline is tilted.) We perform a robust polynomial fit
over the regions of the spectrum with high values of the quality

4 Standing waves are periodic fluctuations in the background which occur
when radiation from a strong continuum source is multiply reflected and
scattered by the telescope structure before reaching the receiver.

C⃝ 2010 The Authors, MNRAS 411, 993–1012
Monthly Notices of the Royal Astronomical Society C⃝ 2010 RAS
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HI  Data Cube

• HI spectral stacking is a powerful tool to study this 
range. 

• Using known optical data (RA, Dec and Redshift), 
HI spectra are extracted from a 3D radio map. 

• Co-add the spectra to obtain average HI spectrum.
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HI spectral stacking @ 0.1 < z < 0.4 
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Target	
Field	

Coordinate	
(RA&Dec)	

Redshi8		
(z)	

Lookback	
Time	
(Gyr)	

Observed	
Frequency	
(GHz)	

ObservaEon	
Time	

Radio	
Telescope	

Number	of	
stacked	
galaxies	

CNOC2	 		09:23:46.51		
+36:57:37.43	 0.1,	0.2	 1-2.7	 1.160-1.321	 120	hr	 WSRT	 55,	96	

VVDS	14h	 		13:58:01.60		
+05:04:54.00		 0.32	 3.6	 1.060-1.092	 136	hr	 GMRT	 165	

COSMOS	 		10:00:10.01	
+02:19:19.95		 0.37	 4.0		 1.024-1.056	 134	hr	 GMRT	 474	

Rhee+2013, 2016, 2017
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HI gas evolution over cosmic time
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HI gas evolution plot (7 years ago)
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HI gas evolution over cosmic time
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HI gas evolution over cosmic time
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HI gas evolution over cosmic time
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HI gas evolution over cosmic time
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Models 
(SAM,Hydro)
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HI gas evolution over cosmic time
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Intensity 
mapping

Wallaby & DINGO LADUMA SKA
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HI gas evolution with redshift
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Summary

• HI gas evolution is no longer poorly constrained. 
• HI spectral stacking and intensity mapping are very 

useful for future HI surveys to push their limit still 
further. 

• Intermediate redshift (0.5 < z < 2.0) is crucial to 
understand the whole picture of HI gas evolution.  

• Next generation HI surveys (e.g. Wallaby, DINGO, 
FLASH, CHILES, LADUMA) will explore this redshift 
interval SOON.
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