
H I  gas measurements of field galaxies  

at z~0.1 & 0.2 using H I  spectral stacking 

technique 

Jonghwan Rhee (RSAA, ANU & CAASTRO) 

Martin A. Zwaan, Frank H. Briggs, Jayaram N. Chengalur, Philip Lah, 

Tom Oosterloo, and Thijs van der Hulst 
 



OUTLINE 

• Why care about H I? 

• H I  spectral Stacking technique 

• Measur ing H I  gas content at z~0.1 and 0.2 

• Cosmic H I  gas evolution 

 

 

6th PHISCC workshop Jonghwan Rhee 



H I  gas in the Universe 

• Tentative reservoir of star formation fuel 

• Structure & Kinematics of galaxies 

• Tracer of Dark matter potential 

• Characterize EoR / Dark age 
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H I gas in higher redshift 

• Knowledge of H I  gas is limited to nearby 

universe 

• Different technique adopted at z > 2.0 (DLA) 

• At intermediate redshift 0.2 < z < 2.0, DLA can 

be observed only from space.  
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Why Hard to Detect H I 21cm line z > 

0.1 
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H I detection beyond z~0.1 
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Spectral Signal Stacking 
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CNOC2 0920+37 Field 

• One of the fields taken by the 

Second Canadian Network 

for Observational Cosmology 

(CNOC2) Field Galaxy 

Redshifts Survey. 

• Positions, redshifts, UBVRI 

photometry for 1630 galaxies. 

• Only 155 galaxies lie within 

the WSRT frequency and 

beam coverage(1 deg). 
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• Among a total of 155 galaxies,  

     59 galaxies at z~0.1, 96 galaxies at z~0.2 
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WSRT observation 

• 12 hr x 10 days in 2003 

• A total of on-source integration time of ~106 hr 

• Observation Frequency  

  - 1160 ~ 1321 MHz (0.075 < z <0.224)  

  - 8 x 20 MHz BW / 128 channels per band  

  - 156.25 kHz (37.9 km/s) channel width  

• AIPS and CASA used for data reduction 

  (flagging, calibration, self-calibration, peeling, imaging) 
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Continuum map at z~0.1 

RMS ~ 12 μJy/beam 

Line data cube of a sub-band 

RMS ~ 61 μJy/beam 
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Direct Detection 

• Implementing a source 

finding software, 

DUCHAMP, with data 

cubes. 

• Cross-checking CNOC2 

catalogue and optical 

images from SDSS 

• 11 objects found at z~0.1, 

     2 objects found at z~0.2 
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Galaxy H I-optical size 

• WSRT synthesized beam  

 ~33 arcsec x 20 arcsec  

(~50 kpc x 31 kpc @ z~0.1) 

• Used relation between HI 

size and optical size 

(SDSS petrosian radius) 

from Broeils & Rhee (1997) 
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H I stacking 
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Figure 6. The distribution of estimated H I diameter of galaxies in the

CNOC2 0920+37 catalogue (in upper pannel) and the WSRT beam size

in unit of kpc as a function of redshift (in lower pannel). The derived H I di-

ameters of the CNOC2 0920+37 galaxies (filled black circles) are compared

with WSRT beam size in the lower pannel. Many galaxies in the z ∼ 0.1

subsample are likely to be slightly resolved in the east-west direction.

the Petrosian radius, containing 90 per cent of the Petrosian r -band

flux, as listed in the SDSS. We also use the SDSS data to determine

the Petrosian radii of the galaxies in the Broeils & Rhee (1997)

sample, and thus obtained a relation between the H I and the Pet-

rosian radius. From the newly derived relation, we estimate the H I

size of the sample galaxies. As seen in Fig. 6, most galaxies have

DH I less than 50 kpc, but a few are in the range of 50 to 57 kpc. The

implication in Fig. 6 that some of the galaxies in the low redshift

sample spill outside of the WSRT synthesised beam is consistent

with the detection of rotational velocity gradients revealed in Fig. 5.

In the higher redshift data cubes, the galaxy H I signal is expected

to be captured by the full resolution beam size.

In order to test the success of the WSRT beam at includ-

ing the total H I signal for all galaxies, additional sets of image

cubes were constructed with larger beams with half-power widths

of∼ 33 × 33 , 45 × 45 , and 60 × 60 . Along with the default

resolution cubes, these lower resolution image cubes were carried

through the stacking procedure as described below.

When stacking galaxy spectra, a weighted average is made.

The spectra to be co-added using a weighted average scheme have

been corrected with the primary beam attenuation function as in

equation (1). The per channel weight is computed from the image

plane RMS, corrected by the primary beam correction factor at the

position of the galaxy. The formal average specification is given by:

Saver age = i
wi Si

i
wi

, wi =
1

σi
2

, (2)

where Si is the primary beam corrected spectrum. The RMS noise,

σi , is measured per frequency channel in each data cube with ap-

plying the primary beam correction and the inverse of the square of

the RMS noise is applied during the stacking procedure as a statis-

tical weight, wi .

Recall (see Fig. 1) that the sample was divided into two sub-

samples at z ∼ 0.1 and z ∼ 0.2. The first sub-sample consists of

59 galaxies lying in the first three sub-bands, i.e. in the frequency
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Figure 7. The averaged H I emission spectra of galaxies in each subgroup

after stacking. The top panels are the co-added H I spectra at z ∼ 0.1, for the

different galaxy types, and the bottom panels are for galaxies at z∼ 0.2. The

vertical dashed line in each panel shows the velocity width within which all

H I emission from galaxies is included. The 1σ error is shown as a horizon-

tal dashed line in each panel. To the right of each panel are the same spectra

but re-binned to a velocity width of 500 km s− 1 .

range 1321 MHz to 1263 MHz. The remaining 96 galaxies lie in

the last five sub-bands i.e. in the frequency range 1222 MHz to

1160 MHz. Depending on their classification, (see Fig. 2), each of

these sub-samples is divided into 3 further groups. Fig. 7 shows the

results of the H I spectra stacking for each sub-sample separately.

The stacked signal shows a clear signal particularly for the inter-

mediate and late-type galaxies.

From the stacked spectrum, one can determine the co-added

flux. This co-added H I flux can be converted to H I mass using the

equation (Wieringa et al. 1992):

M H I

M
=

236

(1 + z)

D L

Mpc

2
SV dV

mJy km s− 1
(3)

where SV dV is the integrated H I emission flux in units of

mJy km s− 1 and DL is the luminosity distance in unit of Mpc.

For the calculation of SV dV it is assumed that a velocity range

∆ V (specified in the rest frame of the H I emitter) of 500 km s− 1

contains all the H I emission. This assumption takes into account

both the average H I velocity width of the sample galaxies and the

uncertainty in the optical redshifts. For the HIPASS Bright Galaxy

Catalogue (BGC, Koribalski et al. 2004), a catalogue of the 1000

H I bright galaxies in the local Universe, the mean velocity width

w20 is 210 km s− 1 (σ = 106 km s− 1). This is consistent with
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Figure 6. The distribution of estimated H I diameter of galaxies in the

CNOC2 0920+37 catalogue (in upper pannel) and the WSRT beam size

in unit of kpc as a function of redshift (in lower pannel). The derived H I di-

ameters of the CNOC2 0920+37 galaxies (filled black circles) are compared

with WSRT beam size in the lower pannel. Many galaxies in the z ∼ 0.1

subsample are likely to be slightly resolved in the east-west direction.

the Petrosian radius, containing 90 per cent of the Petrosian r -band

flux, as listed in the SDSS. We also use the SDSS data to determine

the Petrosian radii of the galaxies in the Broeils & Rhee (1997)

sample, and thus obtained a relation between the H I and the Pet-

rosian radius. From the newly derived relation, we estimate the H I

size of the sample galaxies. As seen in Fig. 6, most galaxies have

DH I less than 50 kpc, but a few are in the range of 50 to 57 kpc. The

implication in Fig. 6 that some of the galaxies in the low redshift

sample spill outside of the WSRT synthesised beam is consistent

with the detection of rotational velocity gradients revealed in Fig. 5.

In the higher redshift data cubes, the galaxy H I signal is expected

to be captured by the full resolution beam size.

In order to test the success of the WSRT beam at includ-

ing the total H I signal for all galaxies, additional sets of image

cubes were constructed with larger beams with half-power widths

of∼ 33 × 33 , 45 × 45 , and 60 × 60 . Along with the default

resolution cubes, these lower resolution image cubes were carried

through the stacking procedure as described below.

When stacking galaxy spectra, a weighted average is made.

The spectra to be co-added using a weighted average scheme have

been corrected with the primary beam attenuation function as in

equation (1). The per channel weight is computed from the image

plane RMS, corrected by the primary beam correction factor at the

position of the galaxy. The formal average specification is given by:

Saver age = i
wi Si

i
wi

, wi =
1

σi
2

, (2)

where Si is the primary beam corrected spectrum. The RMS noise,

σi , is measured per frequency channel in each data cube with ap-

plying the primary beam correction and the inverse of the square of

the RMS noise is applied during the stacking procedure as a statis-

tical weight, wi .

Recall (see Fig. 1) that the sample was divided into two sub-

samples at z ∼ 0.1 and z ∼ 0.2. The first sub-sample consists of

59 galaxies lying in the first three sub-bands, i.e. in the frequency

−0.1

0.0

0.1

0.2 Early z~0.1

−0.1

0.0

0.1

0.2

F
lu

x
 D

e
n

s
it

y
 (

m
J
y
)

Intermediate

−1500−1000 −500 0 500 1000 1500

−0.1

0.0

0.1

0.2 Late

−1500−1000 −500 0 500 1000 1500

Rest Frame Velocity (km s 1)

−0.1

0.0

0.1 Early z~0.2

−0.1

0.0

0.1

F
lu

x
 D

e
n

s
it

y
 (

m
J

y
)

Intermediate

−1500−1000 −500 0 500 1000 1500

−0.1

0.0

0.1 Late

−1500−1000 −500 0 500 1000 1500

Rest Frame Velocity (km s 1)

Figure 7. The averaged H I emission spectra of galaxies in each subgroup

after stacking. The top panels are the co-added H I spectra at z ∼ 0.1, for the

different galaxy types, and the bottom panels are for galaxies at z ∼ 0.2. The

vertical dashed line in each panel shows the velocity width within which all

H I emission from galaxies is included. The 1σ error is shown as a horizon-

tal dashed line in each panel. To the right of each panel are the same spectra

but re-binned to a velocity width of 500 km s− 1 .

range 1321 MHz to 1263 MHz. The remaining 96 galaxies lie in

the last five sub-bands i.e. in the frequency range 1222 MHz to

1160 MHz. Depending on their classification, (see Fig. 2), each of

these sub-samples is divided into 3 further groups. Fig. 7 shows the

results of the H I spectra stacking for each sub-sample separately.

The stacked signal shows a clear signal particularly for the inter-

mediate and late-type galaxies.

From the stacked spectrum, one can determine the co-added

flux. This co-added H I flux can be converted to H I mass using the

equation (Wieringa et al. 1992):

M H I

M
=

236

(1 + z)

D L

Mpc

2
SV dV

mJy km s− 1
(3)

where SV dV is the integrated H I emission flux in units of

mJy km s− 1 and D L is the luminosity distance in unit of Mpc.

For the calculation of SV dV it is assumed that a velocity range

∆ V (specified in the rest frame of the H I emitter) of 500 km s− 1

contains all the H I emission. This assumption takes into account

both the average H I velocity width of the sample galaxies and the

uncertainty in the optical redshifts. For the HIPASS Bright Galaxy

Catalogue (BGC, Koribalski et al. 2004), a catalogue of the 1000

H I bright galaxies in the local Universe, the mean velocity width

w20 is 210 km s− 1 (σ = 106 km s− 1). This is consistent with
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H I mass density 
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Neutral hydrogen gas evolution at intermediate redshift 9

Table 2. H I mass measurements, B -band luminosity density (ρL B
) and H I mass density (M H I) of each galaxy type at the redshift of z ∼ 0.1 and 0.2,

respectively.

z ∼ 0.1 z ∼ 0.2

Sample Ngal M H I L B ρL B
ρH I Ngal M H I L B ρL B

ρH I

Early 8 1.18 ± 0.39 7.85 6.45 ± 1.12 0.79 ± 0.30 25 0.13 ± 0.46 16.35 6.48 ± 1.35 0.05 ± 0.18

Intermediate 17 3.11 ± 0.45 14.13 4.42 ± 0.88 1.03 ± 0.25 25 1.94 ± 0.52 13.29 4.93 ± 1.26 0.71 ± 0.26

Late 34 1.43 ± 0.20 4.41 6.09 ± 1.19 2.61 ± 0.63 46 2.61 ± 0.35 9.15 7.90 ± 2.18 3.81 ± 1.16

All ΩH I(z ∼ 0.1) = (0.33 ± 0.05) × 10− 3 ΩH I(z ∼ 0.2) = (0.34 ± 0.09)) × 10− 3

Note: N gal is the number of galaxies that are co-added and M H I is averaged H I mass (in units of 109 M ), L B is mean B -band luminosity in units of

109 L , ρL B
the luminosity density in units of 107 L Mpc− 3 and ρH I the H I density in units of 107 M Mpc− 3 .

the mean velocity width of the CNOC2 0920+37 sample galaxies,

derived from the Tully-Fisher relation (Tully & Fisher 1977). Us-

ing this relation between absolute B -band magnitude and velocity

width (w20) (Tully & Pierce 2000) with no inclination correction,

the averaged velocity width of ∼ 240 km s− 1 (σ ∼ 82 km s− 1)

is estimated. The expected velocity width of the highest luminos-

ity galaxies in the sample is w20 = 560 km s− 1 . The statisti-

cal uncertainty of the CNOC2 optical redshifts is approximately

79 km s− 1 . Taking into account the redshift uncertainty, a velocity

width of 500 km s− 1 was used to measure all H I signals from all

co-added galaxies. We estimate the error of the H I mass measure-

ment through jacknife resampling (Efron 1982). From a sample of

H I spectra (X = (x1 , x2 , ..., xn )) to be co-added, one spectrum

is removed at a time to construct as many jacknife samples as the

number of samples:

X i = (x1 , x2 , ..., x i − 1 , x i + 1 , xn ) (4)

for i = 1, 2, ..., n. With i th jacknife sample, i th partial co-added

spectrum is obtained

α̂ i = f (X i ). (5)

Then, the pseudo-values are defined as

α̂∗i = nα̂ − (n − 1)α̂ i (6)

where α̂ is the spectrum co-added without jacknife resampling. The

error of the stacked H I spectrum can be expressed as

(σ
∗
)

2
=

1

n(n − 1)
i

(α̂∗i − α̂∗ )
2
, α̂∗ =

1

n

n

i

α̂∗i . (7)

This error is propagated in the conversions to H I mass and

density. Table 2 shows measurements of H I mass and error derived

from the above relations as a function of galaxy type at z ∼ 0.1 and

0.2, respectively.

Comparison of the results of stacked H I signal strength as a

function of the size of the synthesised beam revealed a monotonic

increase in the signal strength (summed over all galaxy types) as

the beam area was increased for both z ∼ 0.1 and 0.2. For the low

redshift subsample, this amounted to an increase of 7 per cent in

integrated H I mass as the beam was increased from 56 × 35 kpc

to 56 × 56 kpc. For the high redshift subsample, increasing the

area from 112 × 71 kpc to 112 × 112 kpc produced a 2 per cent

increase. Further doubling of the beam diameter led to an addi-

tional ∼11 per cent for both samples, but measurements on these

distance scales are vulnerable to contamination by companion and

group galaxies, which will be represented separately in the analysis

below by their contribution to the optical luminosity density used

to normalise the H I mass density. To adequately capture the total

−0.1

0.0

0.1

0.2 Ear ly z~0.1 z~0.2

−0.1

0.0

0.1

0.2

F
lu

x
 D

e
n

s
it

y
 (

m
J

y
)

Intermediate

−1500 −1000 −500 0 500 1000 1500

−0.1

0.0

0.1

0.2 Late

−1500 −1000 −500 0 500 1000 1500

Rest  Frame Velocity (km s 1)

Figure 8. The stacked H I emission spectra of galaxies in each subgroup,

exclusive of objects directly detected by DUCHAMP. The left panels are

the co-added H I spectra for the different galaxy types at z ∼ 0.1, and the

right panels are for galaxies at z ∼ 0.2. The vertical dashed line in each

panel shows the velocity width (500 km s− 1). The 1σ error is shown as a

horizontal dashed line in each panel.

Table 3. H I mass measurements excluding direct detections, z ∼ 0.1 and

0.2, respectively.

z ∼ 0.1 z ∼ 0.2

Sample M H I M H I

Early 1.18 ± 0.39 0.13 ± 0.46

Intermediate 2.36 ± 0.48 1.37 ± 0.50

Late 0.80 ± 0.17 2.63 ± 0.34

H I mass contribution from each target galaxy while avoiding con-

tamination, Table 2 contains the results for the 56 × 56 kpc beam

at low redshift and the 112 × 71 kpc beam for high redshift. This

adjustment to the low redshift sample is less than the statistical un-

certainties calculated in equation (7), but it avoids possible bias due

to galaxies spilling out of the higher resolution beam.

To see what extent directly detected objects contribute to the

stacked H I mass, we reproduce the co-added H I emission spec-

tra with same objects excluding 11 direct detections from the

CNOC2 0920+37 catalogue (see Fig. 8) and compare H I mass

measurements with those calculated from the averaged H I spec-

tra inclusive of them as in Table 2. At both redshift bins, all direct

detections are intermediate-type or late-type galaxies. 6 late-type
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Conclusion 

• The global H I  abundance does not change 

significantly over last 2 Gyr (to z~0.2)  

• Stacking technique works well at higher redshift 

• H I  spectral stacking is very useful for future H I  

surveys 
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Thank you 
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H I  mass-to-light ratio (MHI/LB) 
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