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Outline	  of	  this	  presentaBon	  
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•  Goals	  of	  the	  ASKAP	  FLASH	  survey	  
-  An	  HI-‐selected	  galaxy	  sample	  at	  0.4	  <	  z	  <	  1	  
-  Cross-‐calibraBon	  of	  NHI	  at	  z=0	  	  

•  Earlier	  work	  -‐	  what	  we	  expect	  to	  see	  	  
•  First	  results	  from	  ASKAP	  	  
•  InterpretaBon	  and	  challenges	  	  
•  Follow-‐up	  and	  next	  steps	  

Credit:	  CSIRO	  
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The	  FLASH	  team	  
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hcp://www.physics.usyd.edu.au/sifa/FLASH	  



FLASH	  key	  science	  goals	  
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The	  ASKAP	  FLASH	  survey	  will	  provide	  the	  first	  
systema4c	  probe	  of	  the	  neutral	  hydrogen	  (HI)	  
content	  of	  individual	  galaxies	  in	  the	  redshid	  range	  
0.4	  <	  z	  <	  1.0	  	  

•  Intervening	  absorbers:	  Test	  current	  galaxy	  
evolu4on	  and	  mass	  assembly	  models	  in	  this	  
redshid	  range,	  using	  the	  observed	  and	  
predicted	  distribuBons	  of	  quanBBes	  like	  HI	  
opBcal	  depth	  and	  line	  width	  

•  Associated	  absorbers:	  Study	  the	  processes	  of	  
AGN	  fuelling	  and	  feedback	  in	  massive	  galaxies	  
across	  a	  wide	  range	  in	  redshid	  



Gas	  and	  galaxy	  evoluBon	  
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Cosmic	  star-‐formaBon	  rate	   Cosmic	  HI	  mass	  density	  

P. Noterdaeme et al.: Evolution of the cosmological mass density of neutral gas from SDSS-II DR7 1097
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Fig. 17. Cosmological mass density of neutral gas in DLAs, ΩDLA
g , as a

function of redshift. The red triangle at z = 0 is the value from 21-cm
maps by Zwaan et al. (2005b). The blue filled circles at z ∼ 1 are the
measurements ofΩDLA

g from Rao et al. (2006). The green square at z ∼ 2
is derived from the sample of Péroux et al. (2003). Measurements at
z > 2.2 are from the present work base on SDSS DR7.

at those redshifts. The corresponding values of ΩDLA
g are high

and therefore have been extensively discussed in the literature.
In particular, PW09 concluded that the values obtained at z ∼ 1
by Rao et al. (2006) are difficult to reconcile with the value they
obtained at z ∼ 2.2 and suffer from a statistical fluke or an ob-
servational bias. After correcting for the edge bias we discussed
earlier it can be seen that the SDSS results are no more incompat-
ible with the Rao et al. (2006) results. However, it is still possible
that the high values of ΩDLA

g from Rao et al. are overestimated
due to systematics associated with the selection of low and in-
termediate redshift DLAs directly from strong Mg  absorption
(see Péroux et al. 2004; Dessauges-Zavadsky et al. 2009). Only
a large blind survey for DLAs at z ∼ 1 could solve this issue.

Note also that ΩDLA
g (z ∼ 2), obtained from the sample of

Péroux et al. (2003), is almost equal to ΩDLA
g (z ∼ 2.2), ob-

tained here from SDSS-DR7. This could indicate a flattening of
ΩDLA

g (z) at z ∼ 2. Large intermediate-redshift optical and radio
surveys are therefore still required to constrain the evolution of
ΩDLA

g from z = 2 to z = 0 (see discussion in Gupta et al. 2009).

5. Conclusion

We have demonstrated the feasibility and the robustness of a
fully automatic search of SDSS-DR7 for DLA systems based on
the identification of DLA profiles by correlation analysis. This
led to the identification of about one thousand DLAs, represent-
ing the largest DLA database to date. We tested the accuracy of
the N(H i) measurements and quantified the high level of com-
pleteness and reliability of the detections.

In agreement with previous studies (Péroux et al. 2003;
Prochaska et al. 2005; Prochaska & Wolfe 2009), we show that

Table 2. The cosmological mass density of neutral gas in DLAs from
this work (SDSS-DR7).

z 〈z〉a ∆X ΩDLA
g (×10−3)

2.23–2.60 2.44 2774 0.82 ± 0.09
2.60–2.88 2.74 2774 0.85 ± 0.09
2.88–3.20 3.02 2774 1.03 ± 0.10
3.20–5.19 3.49 2774 1.29 ± 0.15

a Median redshift corresponding to half the total pathlength ∆X in the
redshift bin.

a single power-law is a poor description of the N(H i)-frequency
distribution at log N(H i) ≥ 20.3. A double power-law or a Γ
function give better fits. The finding of one log N(H i) = 22
DLA, confirmed by UVES high spectral resolution observations,
shows that the slope of fH i(N, X) at log N(H i) > 21.5 is −3.5.

The convergence of ΩDLA
g for large N(H i) indicates that

the cosmological mass density of neutral gas at z ∼ 2.2–5 is
dominated by bona-fide DLA systems. The relative contribu-
tion of DLAs reaches its maximum around log N(H i) = 21,
similar to what is observed in the local universe. The paucity
of very high-column density DLAs implies that they contribute
for only a small fraction to the cosmological mass density of
neutral gas. On the other hand, an extrapolation of fH i(N, X) at
log N(H i) < 20.3 suggests that sub-DLA systems contribute to
about one fifth of the neutral hydrogen at high redshift, in agree-
ment with the results of Péroux et al. (2005).

We identified an important observational bias due to an edge
effect and proposed a method to avoid it. Such a bias could also
partly explain the higher values of ΩDLA

g found by Prochaska
et al. (2005) when selecting only bright quasars, as the bias dis-
cussed here preferentially affects faint quasars with lower signal-
to-noise ratios. Indeed, when not correcting for the bias, we find
10% higher ΩDLA

g from a bright QSO sub-sample (i < 19.5)
compared to a faint QSO sub-sample (i ≥ 19.5) while this dif-
ference is only 5% when the bias is avoided.

We derive the evolution with time of the cosmological mass
density of neutral gas in Fig. 17 and summarise our measure-
ments in Table 2. We observe a decrease with time of the cos-
mological mass density of neutral gas between z ∼ 3.2 and
z ∼ 2.2, confirming the results from Prochaska et al. (2005; also
Prochaska & Wolfe 2009). However, we argue that the value at
z ∼ 2.2 is significantly higher (by up to a factor of two) than the
value at z = 0, indicating that ΩDLA

g keeps evolving at z < 2.2.
Interestingly, models of the evolution of the reservoir of neutral
gas (Hopkins et al. 2008) also predict a value of ΩDLA

g at z ∼ 2.2
higher than that at z = 0. The small number statistics at high
redshift and the insufficient spectral resolution of SDSS spectra
do not allow for a strong conclusion on the neutral gas content
of the universe at z ∼ 4–5. Further surveys are therefore required
at z > 4 (see e.g. Guimarães et al. 2009).

We measure ΩDLA
g (z ∼ 3) ≈ 10−3. This implies that neu-

tral gas accounts for only 2% of the baryons at high redshift,
according to the latest cosmological parameters from WMAP
(Komatsu et al. 2009). This implies that most of the baryons
are in the form of ionised gas in the intergalactic medium (e.g.
Petitjean et al. 1993).

The amount of baryons locked up into stars at z = 0 (Ω! =
(2.5 ± 1.3) × 10−3; Cole et al. 2001) is about twice the amount
of neutral gas contained in high redshift DLAs. This implies that
the DLA phase must be replenished in gas before the present
epoch (see also PW09) at a rate similar to that of its consump-
tion (Hopkins et al. 2008). This is also required to explain the

(Noterdaeme	  al.	  2009)	  

(Horiuchi	  et	  al.	  2010)	  



(Ellison	  et	  al.	  2001)	  
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OpBcal:	  Damped	  Lyα	  Absorbers	  

DLAs:	  Intervening	  absorbers	  with	  high	  HI	  column	  density	  (NHI	  >	  2	  x	  1020	  cm-‐2)	  can	  be	  
used	  to	  detect	  and	  study	  neutral	  hydrogen	  in	  the	  very	  distant	  universe.	  	  	  	  	  	  	  	  	  	  	  	  
Ground-‐based	  observa4ons	  of	  the	  Lyman-‐α	  line	  are	  only	  possible	  at	  redshiG	  z	  >	  1.7	  

 DLA 

Lyman α forest 



Why	  a	  21cm	  HI	  absorpBon	  survey?	  	  
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MoBvaBon:	  Use	  21cm	  HI	  absorpBon	  to	  probe	  neutral	  atomic	  hydrogen	  
in	  distant	  galaxies	  	  -‐	  unlike	  HI	  emission,	  sensi4vity	  is	  independent	  of	  z	  

Image: S. Curran 



(Darling	  et	  al.	  2004)	  

Radio	  21cm	  measurements	  are	  
parBcularly	  sensiBve	  to	  cold	  HI	  
(spin	  temp.	  TS	  <	  200K)	  .	  
	  	  

for	  
observed	  opBcal	  depth	  τ, line	  
width ΔV 

Radio:	  Intervening	  HI	  absorpBon	  
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RFI	  spectrum	  at	  the	  GBT	  site	  	  
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(via NRAO web pages) 

Roughly	  half	  the	  GBT	  band	  below	  1	  GHz	  is	  lost	  to	  RFI.	  
700-‐1000	  MHz	  is	  considered	  one	  of	  the	  becer	  regions.	  	  



RFI	  spectrum	  at	  the	  ASKAP	  site	  
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Measured	  Frequency	  Occupancy	  	  (plot	  from	  Aaron	  Chippendale)	  	  
Percentage	  of	  occupied	  27.4	  kHz	  channels	  in	  10	  MHz	  blocks	  in	  2hr	  spectra	  	  

700-1000 MHz band is 
extremely clean! 



The	  advantages	  of	  ASKAP	  	  
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ASKAP’s	  	  
• 	  Wide	  field	  of	  view	  
• 	  Wide	  spectral	  bandwidth	  	  
• 	  Radio-‐quiet	  site	  	  
make	  it	  possible	  to	  carry	  out	  a	  large	  
and	  unbiased	  radio	  survey	  for	  HI	  
absorpBon	  	  

ASKAP	  Band	  1	  (700	  –	  1000	  MHz)	  
provides	  conBnuous	  coverage	  of	  
the	  21cm	  HI	  line	  from	  0.4	  <	  z	  <	  1	  
(lookback	  Bmes	  of	  4	  to	  8	  Gyr)	  

Will	  observe	  ~150,000	  sightlines	  to	  bright	  
(>50	  mJy)	  radio	  sources,	  an	  increase	  of	  almost	  
two	  orders	  of	  magnitude	  over	  earlier	  studies	  



What	  do	  we	  expect	  to	  see?	  	  
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Intervening	  21cm	  absorbers:	  	  

•  	  Probability	  of	  intercepBng	  a	  DLA	  system	  with	  NHI	  >	  2	  x	  10
20	  cm-‐2	  is	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  dN/dZ	  =	  0.055	  (1+z)1.11	  	  (Storrie-‐Lombardi	  &	  Wolfe	  2000)	  
i.e.	  6%	  for	  a	  sightline	  in	  the	  700-‐1000	  MHz	  ASKAP	  band	  (0.4	  <	  z	  <	  1.0)	  	  

•  Op9cal	  depth	  of	  these	  lines	  is	  expected	  to	  be	  ~1.5%	  for	  a	  minimal	  DLA	  
and	  10%	  or	  higher	  for	  sightlines	  with	  much	  higher	  HI	  column	  density	  
(Braun	  2012)	  	  	  

•  Surface	  density	  (and	  approximate	  redshid	  distribuBon)	  of	  suitably	  bright	  
background	  conBnuum	  sources	  is	  already	  known	  	  

Implies	  that	  an	  all-‐sky	  21cm	  HI	  absorpBon	  survey	  with	  ASKAP	  is	  feasible,	  
and	  should	  yield	  several	  hundred	  detecBons	  of	  intervening	  lines	  	  

FLASH	  survey	  science	  proposal	  2009	  



Tools	  and	  techniques	  
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•  PosiBons	  and	  flux	  densiBes	  of	  background	  sources	  are	  already	  known	  
•  Use	  Bayesian	  line-‐finding	  tool	  (Allison	  et	  al.	  2012)	  to	  idenBfy	  lines	  and	  

quanBfy	  their	  significance	  –	  tested	  on	  both	  real	  and	  simulated	  data	  
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Model	  using	  single	  Gaussian	  profiles,	  detecBon	  significance	  given	  by	  the	  raBo	  of	  
Evidence	  for	  Gaussian	  spectral-‐line	  and	  ConBnuum-‐only	  models	  (Allison	  et	  al.	  2012)	  



ATCA:	  low-‐redshid	  intervening	  lines	  
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Sarah	  Reeves	  PhD	  thesis:	  Background	  radio	  sources	  behind	  12	  
nearby	  gas-‐rich	  galaxies	  from	  HIPASS,	  impact	  parameter	  <	  20	  kpc	  

(Reeves	  et	  al.	  2015,	  2016)	  	  ATCA:	  Searching	  for	  intervening	  HI	  absorpBon	  



ATCA	  detecBon:	  NGC	  5156	  
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(Reeves	  et	  al.	  2016)	  	  

Intervening	  HI	  
absorpBon	  line	  seen	  
against	  the	  background	  
source	  –	  19	  kpc	  from	  
the	  centre	  



BETA	  observaBons	  2015-‐16	  
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Six-‐antenna	  engineering	  test	  array	  



	  BETA	  target	  sources	  
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Observed	  bright	  (>	  1Jy)	  and	  compact	  (VLBI-‐scale)	  radio	  sources	  in	  the	  
southern	  sky	  
Several	  sub-‐samples	  observed:	  
•  GPS/CSS	  radio	  galaxies	  	  
•  Red	  quasars	  
•  X-‐ray	  AGN	  
•  2	  Jy	  radio	  sample	  
•  Intervening	  line	  search	  

Six-‐antenna	  BETA	  engineering	  test	  array,	  700-‐1000	  MHz	  band	  

	  Total	  of	  ~100	  objects	  observed	  

(with	  James	  Allison,	  Marcin	  Glowacki,	  Elizabeth	  Mahony,	  Vanessa	  Moss,	  
Mac	  WhiBng	  and	  the	  ASKAP	  ACES	  team)	  	  	  



SelecBon	  of	  intervening	  targets	  
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Complete	  sample	  selected	  from	  the	  AT20G	  Bright	  Source	  
catalogue	  (Massardi	  et	  al.	  2008)	  	  	  
•  Dec	  <	  -‐15	  deg	  	  
•  S	  >	  1.0	  Jy	  at	  20	  GHz	  	  
•  Redshid	  z	  >	  0.4	  or	  unknown	  
•  S	  >	  2.0	  Jy	  in	  NVSS	  (1.4	  GHz)	  or	  SUMSS	  (843	  MHz)	  survey	  

BETA	  intervening	  sample:	  	  
  32	  sources,	  27	  with	  known	  opBcal	  redshid	  	  
  Total	  redshid	  path	  Δz	  =	  12.5	  
  IntegraBon	  Bmes	  of	  3-‐5	  hours	  per	  source	  
  Two	  detecBons	  of	  intervening	  lines	  	  



Summary	  of	  BETA	  observaBons	  	  
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ASKAP-‐12	  observaBons	  2017	  
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ASKAP-‐12	  intervening	  sample:	  	  
  21	  more	  sources,	  all	  with	  

known	  opBcal	  redshid	  	  
  Total	  redshid	  path	  Δz	  =	  7.9	  
  IntegraBon	  Bme	  of	  2	  hours	  

per	  source	  
  One	  new	  detecBon	  of	  an	  

intervening	  line	  	  

ASKAP-‐12	  commissioning	  Feb	  2017	  
•  Target	  selecBon	  similar	  to	  BETA	  sample,	  but	  

with	  slightly	  relaxed	  Dec	  and	  flux	  density	  limits	  
(Dec	  limit	  0o)	  

•  Frequency	  restricted	  to	  240	  MHz	  BW	  and	  single	  
beam	  (data	  ingest	  issues)	  	  

Total	  intervening	  sample	  
(BETA	  +	  ASKAP-‐12):	  	  
53	  sightlines,	  	  
3	  intervening	  detecBons	  	  	  



BETA	  commissioning	  data	  
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•  711.5-‐1015.5	  MHz	  Band	  	  
• 	  16,416	  x	  18.5	  kHz	  (~5	  km/s)	  channels	  

 Spectrum	  is	  completely	  free	  of	  RFI!	  



DetecBon	  limits	  in	  HI	  column	  density	  
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(assumes	  covering	  factor	  f=1)	  	  

BETA	  
observaBons:	  
SensiBve	  to	  
DLA-‐like	  HI	  
column	  
densiBes	  for	  
cool	  neutral	  
gas	  (spin	  
temperature	  
Ts	  below	  
200-‐600	  K)	  	  



Known	  absorber:	  PKS	  1830-‐211	  
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2 J. R. Allison et al.

Figure 1. BETA spectra (averaged over all observations) towards PKS B1830�211 (top) and MG J0414+0534 (bottom). For visual clarity the data have
been binned from the native spectral resolution of 18.5 kHz to 50 kHz. The barycentric corrected H I redshift is shown on the lower-abscissa, and the
upper-abscissa denotes the corresponding observed frequency. The data (black line) denote the change in flux density as a fraction of the continuum
and the grey region gives the corresponding rms spectral noise multiplied by a factor of 5. The hatched regions mask data contaminated by aviation
and satellite-generated radio frequency interference. The red arrows indicate the positions of H I and OH lines reported in the literature, where those in
brackets are not detected in our data (see text for details).

c� 2015 The Authors, MNRAS 000, 1–8

QSO	  at	  z=2.51	  
lensed	  by	  
foreground	  
galaxy	  at	  z=0.89	  
(Jauncey	  et	  al.	  1991;	  
Lidman	  et	  al.	  1999)	  	  	  
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F. Courbin et al.: PKS 1610–771 657

Fig. 1. Upper panels: NTT R and I band images of PKS 1610–771
obtained, in both filter, with a total exposure time of 1,200 seconds.
The seeing (FWHM) is 0.85′′ in R and 0.95′′ in I . Lower panels: same
images as above, but a PSF has been subtracted from the quasar and its
companion. The two circles in both PSF-subtracted images show the
position of the quasar and the star.

Figure 1 displays part of the images in the two R and I
bands (upper panels), as well as the result of the subtraction
of a double two-dimensional PSF profile (lower panels). The
profiles of both the quasar and the star were fitted simultane-
ously in order to take into account relative light contamination
of one object by the other. The PSF subtraction was carried out
using the high-performance codes written by Remy (1996) to
detect gravitational deflectors. In order to optimize the quality
of the subtraction, the numerical PSF was calculated by using
four different stars, all of them as bright as the quasar and as
close to the quasar as possible in order to minimize any possi-
ble PSF variations across the field. The final PSF is a weighted
average of the individual PSFs obtained from these stars. The
PSF subtractions are carried out on the individual 600 seconds
exposures in order to avoid any PSF changes due to the align-
ment procedure of the frames. The individual residuals are then
added and are displayed in Fig. 1.

2.2. Results

In Fig. 1, the quasar PKS 1610–771 appears fuzzy and clearly
separated from the object located at 4.55′′ to the NW and sus-
pected to be a second, lensed, image of the quasar. The latter has
definitely a stellar-like profile and does not leave any significant
residual after the PSF subtraction. The follow-up spectroscopic
observations (see §3 below) confirm its stellar nature and rule

Table 1. Relative positions of the five objects around PKS 1610–771
along with their R magnitudes (see text).

Object ∆x ∆y mR(1) mR(2)
(′′) (′′)

Quasar 0 0 18.2 ± 0.2 ...
Star +3.5 ± 0.1 +2.9 ± 0.1 19.6 ± 0.2 ...
A −0.2 ± 0.2 −1.7 ± 0.2 ... 21.3 ± 0.3
B +2.6 ± 0.2 −1.6 ± 0.2 21.0 ± 0.3 21.3 ± 0.3
C +0.7 ± 0.2 +4.1 ± 0.2 23.0 ± 0.5 22.5 ± 0.5
D −0.1 ± 0.2 +1.0 ± 0.2 ... 23.0 ± 0.5

out the possibility that PKS 1610–771 is a multiple image grav-
itationally lensed quasar.

Three resolved, galaxy-like, objects (noted A, B, and C) sur-
round the quasar position on the plane of the sky. An additional
faint object (noted D) appears only after the PSF subtraction;
it is detected in the two individual R frames and their sum,
as shown in Fig. 1. Although with a worse seeing, significant
residuals are also seen on the I frames at the position where
D is detected on the R frames. This faint D feature is unlikely
to be an artifact due to bad PSF subtraction, since no signifi-
cant residual can be seen after the subtraction of the PSF profile
from the nearby star. Other applications of our PSF subtraction
method show it to be reliable and free of any artifacts (Magain
et al. 1992, Remy et al. 1993).

Table 1 gives the R magnitudes of the objects in the field,
as well as their positions relative to the quasar. Flux calibration
was done using the star LTT 7987 (Landolt 1992) observed at
an airmass of 1.1, while PKS 1610–771 was at a mean airmass
of 1.55. The magnitudes and positions were obtained using “S-
Extractor”, an aperture photometry program which computes
the magnitudes through elliptical isophotes fitted to the objects
(Bertin & Arnouts 1996; Bertin 1996). Two R magnitudes are
given:mR(1) magnitudes are measured on the summed R frame
while themR(2) magnitudes are derived from the PSF subtracted
frame. The magnitudes mR(2) are more accurate for the fuzzy
objects, since they do not suffer from light contamination by the
point-like bright objects.

Although we cannot calibrate the I-band image in flux, it
is possible to derive the relative brightness of the quasar and
the nearby star, and to compare it with the relative brightness
found in the R band. We find mI (star) −mI (quasar) = 1.95,
whereas mR(star) − mR(quasar) = 1.40, showing that the
quasar is much redder than the star (as can, in fact, be seen
from the spectra shown in Fig. 2). We cannot, however, rule out
possible photometric variations of the quasar relative to the star,
between April and May.

3. Spectroscopy

The spectra were obtained during the same nights, using the
long-slit spectroscopic capability of EMMI. The grism #1 (see
EMMI User Manual) provides low-resolution spectra with a
spectral resolution of 5.8 Å pix−1 and a scale of 0.268′′ per
pixel in the spatial direction.

DetecBon	  of	  
neutral	  
hydrogen	  in	  a	  
galaxy	  at	  z=0.45	  
along	  the	  line	  of	  
sight	  to	  a	  
powerful	  QSO	  at	  
z=1.71	  

	  (Courbin	  et	  al.	  1997)	  

PKS	  1610-‐77	  
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DetecBon	  of	  neutral	  hydrogen	  in	  a	  
galaxy	  at	  z=0.59	  along	  the	  line	  of	  
sight	  to	  a	  powerful	  QSO	  at	  z=2.7	  

	  (Lanzeca	  et	  al.	  1991)	  

PKS	  0834-‐20	  
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	  (Kellermann	  et	  al.	  2004)	  
Detailed	  VLBA	  study	  by	  MOJAVE	  team	  
(Lister	  et	  al.	  2013)	  	  	  
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Can	  now	  make	  a	  
spin-‐temperature	  
es9mate,	  based	  on	  
number	  of	  
intervening	  lines	  
detected.	  	  	  
(Allison	  et	  al.	  2016,	  
see	  James’s	  talk	  
yesterday)	  	  

At	  z	  ~	  0.7:	  	  
Ts	  ~	  300K,	  	  
CNM	  fracBon	  ~	  20%	  
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z	  (abs)	   NHI	  (Ts=100K)	   NHI	  (Ts=300K)	  

PKS	  0834-‐20	   0.591	   1.3	  x	  1021	   3.9	  x	  1021	  

PKS	  1610-‐77	   0.452	   4.1	  x	  1020	   1.2	  x	  1021	  

PKS	  1830-‐211	   0.886	   2.0	  x	  1021	   6.0	  x	  1021	  

(Assumes	  f	  =	  1,	  uncertainBes	  on	  NHI	  are	  up	  to	  20%)	  

i.e.	  Reasonable	  to	  assume	  that	  all	  these	  absorbers	  have	  HI	  column	  
densiBes	  like	  those	  of	  opBcal	  DLA	  systems	  	  (NHI	  >	  2	  x	  10

20	  cm-‐2)	  	  	  
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▸  48 radio-loud quasars, 3 detections of intervening galaxies 
▸  dn/dz ~ 0.15 +/- 0.08 (Sadler+ in prep) 
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(0>020 pixel!1) and fairly good image quality
(FWHM ¼ 0>15). The reduced data before deconvolution
is presented in Figure 1, where the two quasar images are
seen, well separated, as well as the V # 13:5 mag star used
for the wave front correction, about 700 to the northeast of
PKS 1830!211. Owing to the high air mass of the object

(between 1.5 and 2.2) and to the relatively faint guide star,
the wave front correction was not fully satisfactory, with a
final seeing about twice as large as the diffraction limit of an
8.2 m telescope in the K band. These images are rather shal-
low, with a total exposure time of 30 minutes, but they
nevertheless allow the measurement of the positions of the
quasar images with an accuracy better than could be done
with theHST data alone. No standard star was observed, as
the observations were performed through thin cirrus.

These data are the first images of a gravitational lens
taken with AO on a 10 m class telescope. The presence of a
suitable wave front guide star and many point-spread func-
tion (PSF) stars should allow one to improve the present
result if the observations can be repeated at a smaller air
mass and with much longer exposure time. Given the low
declination of PKS 1830!211, the Paranal Observatory is
ideally located for such observations.

3. ASTROMETRY–PHOTOMETRY

All the data are deconvolved with the MCS deconvolu-
tion algorithm, which results in images with improved reso-
lution and sampling (see Courbin et al. 1998 for more
details about the application of this method). The spatial
resolution of the final images is 0>046 for the WFPC2/
F555W/F814W data, 0>075 for the HST NIC2/F160W/
F205W near-IR data, and 0>020 for the Gemini K-band
data.

Figures 2, 3, and 4 show the resulting deconvolved
images. In all cases but for the F205W filter, the result of the
deconvolution process is good, as several PSF stars are
available in the immediate vicinity of the deconvolved field.

Since the objects in the vicinity of PKS 1830!211 have
very different colors, astrometry is performed in all available

PKS 1830-211 Gemini + Hokupa’a (K-band)

5 arcsec E

N

QSO B
QSO A

Star (S1)

Wavefront guide star

Fig. 1.—Gemini North +Hokupa’aK-band image of the field surround-
ing PKS 1830!211. The guide star used for the wave front measurement is
indicated. The image quality on this 30 minute exposure is 0>14. This is
twice the diffraction limit but is still twice as good asHST in this band. The
two quasar images and theM-type star S1 are already well separated on this
undeconvolved image.

Star S1

QSO A
Star P

E

N

1 arcsec

PKS 1830-211 (PC2-F814W)

QSO A

Star S1

Low z galaxy (z=0.19 ?)

(Center SA)
Spiral Arms
Barycenter of

Spiral Lens (Center SP)

QSO B (obscured)

Lens G

Fig. 2.—Left: Part of theHST/WFPC2 image of PKS 1830!211. This image is a combination of all available frames in the F814W filter (eight in total), for
a total exposure time of 6400 s. Right: Simultaneous deconvolution of the eight frames (see text), reaching a resolution of 0>046, and sampled with a pixel of
0>023. The various positions of the two probable lenses and of the very obscured (and hence invisible here) QSO B are indicated with circles. Note the obvious
spiral shape between the quasar images, with one spiral arm passing right onto the line of sight to QSO B. We identify this galaxy as the probable source of
absorption at z ¼ 0:89. The center of the ellipse shown in this figure defines the barycenter SA of the spiral (see main text). It is one of three centers, together
with SP and G, considered in the modeling. There is no significant trace in this image of the much redder lens G, but we plot its position as measured from the
near-IR F160W image, in overlay on the F814W image. [See the electronic edition of the Journal for a color version of this figure.]
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Figure 5. Left panel: Line density of DLAs, !DLA(X) and Right panel: Redshift number density of DLAs, nDLA. The gray area marks
the 68% confidence level for the sample compiled by Sánchez-Ramı́rez et al. (2015). The line density of DLAs over the redshift interval
z ≈ 0.01 to z ≈ 1.6 is lower than the measured line density at redshift z ≈ 2 at greater than 2-σ significance, indicating that !DLA(X) has
evolved over the past 10 Gyrs.

tains a large number of high H i column density sys-
tems, although this deviation is not statistically signifi-
cant. We have broken up our sample into those DLAs
that were found using the Mg ii selection criteria defined
in Rao et al. (2006) and the remaining DLAs. The cu-
mulative distribution plotted in the right panel of Fig-
ure 4 indeed shows that the Mg ii-selected DLA sam-
ple has a larger number of high H i column density sys-
tems than the rest of the low-z DLA sample (this work)
or the high-z DLA sample of Noterdaeme et al. (2012).
This corroborates the suggestion of Prochaska & Wolfe
(2009) that selecting sightlines based on metal line ab-
sorption could bias the H i distribution toward high col-
umn densities. This result is also seen in recent work on
metal-strong absorbers (Dessauges-Zavadsky et al. 2009;
Kaplan et al. 2010; Berg et al. 2015).

4.3. Line density of DLAs, !DLA(X)

The line density of DLAs, !DLA(X), is defined as the
zeroth moment of f(NHi, X), i.e.:

!DLA(X) =

∫ ∞

NDLA

f(NH I, X)dNdX, (3)

where NDLA is the threshold H i column density for
DLAs. In practice, !DLA(X) is estimated by measur-
ing the number of DLAs in a given redshift bin and then
dividing this value by the total absorption path length
in this redshift bin. A correlated quantity is the redshift
number density, nDLA, which is obtained by dividing the
number of DLAs found in a redshift bin by the redshift
path length. Both of these quantities describe the inci-
dence rate of DLAs along a line of sight.
We have calculated !DLA(X) and nDLA for the com-

plete statistical sample (those with fstat = 1), which cov-
ers the redshift range, z = 0.01 − 1.6, with a median
redshift of 0.623. The resultant !DLA(X) is 0.017+0.014

−0.008,
which equates to nDLA = 0.033+0.026

−0.015. These values are
put in context by plotting them with a compilation from
the literature in Figure 5.
Figure 5 shows that the line density obtained from

this sample is lower than the locally measured values

of Zwaan et al. (2005) and Braun (2012) (note that the
latter estimate is based on an extrapolation from just
three galaxies), although our estimate is consistent with
these values within 2-σ significance. Our !DLA(X) esti-
mate is also lower than the estimate of Rao et al. (2006),
but the systematic uncertainties in their measurement
are difficult to quantify.
Our new estimate of the line density of DLAs at z < 1.6

is lower than this value at z ∼ 2 (Noterdaeme et al. 2012)
at greater than 2-σ significance. This result suggests that
!DLA(X) has evolved over this redshift range. This result
is discussed further in Section 5.
We note that we have searched for evolution within our

sample by dividing the sample into two subsamples at the
median redshift of z = 0.623. However, the sample size
is too small to discern any evolution within the sample,
although the sample is consistent with an evolution of
< 0.05 in !DLA(X) per unit redshift, which agrees with
the evolution at higher redshift (∼ 0.03 in !DLA(X) per
unit redshift, see e.g., Sánchez-Ramı́rez et al. (2015)).

4.4. Mass Density of H i, ρDLA
Hi

The final quantity we consider is the first moment of
f(NHi, X), which is the mass density of H i contained in
DLAs, ρDLA

Hi . This quantity is defined by:

ρDLA
H I

=
mHH0

c

∫ Nmax

Nmin

NH If(NH I, X)dNdX, (4)

where mH is the mass of the hydrogen atom and c is the
speed of light. The superscript clarifies that we are only
measuring the fraction of H i in DLAs; of course, as noted
earlier, these systems contain the bulk (> 85%) of the H i
at all redshifts (Zwaan et al. 2005; O’Meara et al. 2007;
Noterdaeme et al. 2012). We also note that literature
studies often provide estimates of the cosmological neu-
tral gas mass density, ΩDLA

g . ρDLA
Hi is related to ΩDLA

g by
the conversion factor µ/ρc, where µ is the mean molec-
ular mass of the gas and ρc is the critical density of the
Universe.
As with f(NHi, X), ρDLA

Hi cannot be accurately deter-
mined from our own study because the small sample size
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The	first	radio-selected	21-cm	line	DLA	survey		
(Sadler	+)

Lensed	quasars	illuminating	cold	gas		
throughout	8	billion	years	(Allison	+17)

Intervening HI absorption at 0.4 < z < 1.0 7

Figure 1. Detection limits in HI column density for the obser-
vations in Table 2, assuming a 5� detection, line width 7 km s�1,
covering factor f = 1, and a spin temperature of 100 K (blue
points) or 600 K (red points). [Attn Elaine: Need to update this
plot by adding the ASKAP-12 data points]

Figure 2. ** Placeholder only! Needs three separate plots show-
ing HI lines seen in PKS 0834-20, PKS 1610-77 and PKS 1830-
211

Figure 3. ** Placeholder only! Needs three separate plots show-
ing HI lines seen in PKS 0834-20, PKS 1610-77 and PKS 1830-
211

Table 5. Parameters of the three detected 21 cm absorption lines.
The derived value of NHI assumes Ts = 100 K and f = 1]. ** Need to
update/check this table - values listed here are rough estimates!!

Name zabs ⌧pk
Ø
⌧ dV NHI

(km.s�1) (cm�2)
(1) (2) (3) (4) (5)

PKS 0834-20 0.591 0.145 7.36 ± 0.26 1.3 ⇥ 1021

PKS 1610-77 0.452 0.041 2.25 ± 0.50 4.1 ⇥ 1020

PKS 1830-211 0.886 0.06 2.0 ⇥ 1021

Figure 4. ** Placeholder only! Needs updating with new values
from Rao+17, and also the final value from this paper.
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21cm	  DLA	  number	  
density	  at	  z	  ~	  0.7	  is	  
roughly	  consistent	  
(within	  the	  rather	  large	  
error	  bars)	  with	  the	  
general	  trend	  of	  dN/dz	  
seen	  in	  opBcal	  DLA	  
studies	  	  	  

Encouraging	  
‘proof	  of	  concept’	  
for	  future	  large	  
surveys	  
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Challenge	  1:	  AbsorpBon-‐line	  data	  are	  highly	  “censored”	  	  	  	  	  
oden	  have	  data	  along	  a	  single	  ‘pencil-‐beam’	  sightline	  through	  a	  galaxy	  	  

z	  =	  0.01	  
Impact	  parameter	  
~	  19	  kpc	  
Ts/f	  ~	  950	  K	  
(Reeves+	  2016)	  	  

Follow-‐up	  strategy:	  
•  ALMA	  CO	  line	  

observa9ons	  	  
•  OpBcal	  imaging/

IFU	  spectroscopy	  
where	  feasible	  	  
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Challenge	  2:	  Linking	  observed	  opBcal	  depth	  to	  HI	  column	  
density	  

Radio	  21cm	  measurements	  are	  
parBcularly	  sensiBve	  to	  cold	  HI	  (spin	  
temperature	  TS	  <	  200K)	  	  	  
	  
	  

HI absorption R. Morganti 

 
     2 

 
 

1. Introduction 

One of the main goals of SKA is to trace the neutral phase of hydrogen, the most abundant 
element in the Universe, out to high redshift and connect this to the formation and evolution of 
galaxies across cosmic time. Observing the neutral hydrogen (HI 21cm) line in emission can 
achieve part of this task, but an important and complementary study uses the HI 21cm line 
detected in absorption against strong radio continuum sources.  

Studies of associated HI 21cm absorption (HI located in and around the host galaxy of a 
radio source) allow us to understand the HI content of individual galaxies (as a function of their 
morphological properties, redshift and environment), the structure of the central regions and the 
feeding and feedback of active galactic nuclei (AGN).   

Studies of intervening HI 21cm absorption (HI absorption toward radio-loud background 
sources, see e.g. Wolfe & Davis 1979, Kanekar & Briggs 2004), allow us to measure the 
number density of 21-cm absorbers and constrain the evolution of cold gas in normal galaxies 
over more than 12 billion years of cosmic time. HI 21cm absorption lines can also be used to 
probe fundamental constant evolution, by comparing the HI redshifts to those of redshifted 
ultraviolet lines (e.g. Wolfe et al. 1976; Curran et al. 2004, Kanekar et al. 2010), mm-wave 
rotational lines (e.g. Drinkwater et al. 1998, Carilli et al. 2000, Murphy et al. 2001), and OH 
lines (e.g. Darling et al. 2003, Chengalur & Kanekar 2003, Kanekar et al. 2012). 

Below we briefly review the status of HI 21cm absorption studies and the most important 
perspectives that will be opened up by SKA1. HI absorption studies have both advantages and 
disadvantages compared to HI emission studies. The detectability of an absorption line is 
essentially independent of redshift, since it depends only on the strength of the background 
continuum source, so HI absorption measurements can probe the presence of neutral hydrogen 
in high-redshift galaxies where the HI emission line is far too weak to be detectable. HI 21cm 
absorption can also be detected and studied at very high spatial resolution (including at milli-
arcsecond scales with VLBI if the background source remains bright enough), which is not 
possible for HI emission studies. Thus associated HI absorption has been used to probe the 
circumnuclear regions of radio-loud AGN on very small scales. Furthermore, given that the 
absorbing gas has to be located in front of the radio source, the kinematics of the gas can be 
more easily disentangled, therefore making studies of infall/outflows less affected by 
ambiguities.  

The observed HI 21cm optical depth τ is related to the HI column density NHI (in the 
optically-thin regime) by the expression 

NHI =1.823×1018 [Ts / f] ∫ τ dV   (1) 
 
where Ts (K) is the harmonic mean spin temperature of the HI gas, f is the covering factor (i.e. 
the fraction of the background radio source that is covered by intervening gas) and ∆V the line 
width in km s-1. If the HI column density can be measured independently (e.g. from the optical 
damped Ly α absorption profile along the same sightline), then the 21cm optical depth provides 
information on the spin temperature and covering factor of the neutral gas. Conversely, if some 

HI	  column	  density	  	   HI	  spin	  
temperature	  

Covering	  
factor	   OpBcal	  depth	  

Follow-‐up	  strategy:	  
•  Ly-‐α	  spectroscopy	  (HST,	  

UV-‐bright	  QSOs)	  	  	  
•  StaBsBcal	  Ts	  esBmates	  
•  Modelling	  of	  full	  

sample	  (SAM,	  hydro)	  	  
•  VLBI	  imaging	  of	  sub-‐

samples	  to	  esBmate	  f	  	  	  
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Challenge	  3:	  Redshids	  and	  small-‐scale	  structure	  of	  individual	  	  
background	  conBnuum	  sources	  usually	  not	  known	  beforehand	  	  

Predicted	  redshid	  distribuBon	  for	  conBnuum	  sources	  brighter	  than	  
50	  mJy	  at	  843	  MHz,	  from	  the	  SKADS	  simulated	  sky	  (Wilman+	  2008)	  	  

(Reeves+	  2016)	  Follow-‐up	  strategy:	  	  
•  Refine	  characteris9c	  redshiV	  

distribu9on	  (esp.	  at	  z	  >	  0.7)	  	  
•  OpBcal/ALMA	  CO	  spectra	  of	  

individual	  detecBons	  where	  
possible	  

•  Use	  radio	  spectral	  index	  as	  
proxy	  for	  source	  compactness	  

•  Machine	  learning	  techniques	  
to	  disBnguish	  intervening	  and	  
associated	  lines?	  
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Technique	  	   Redshid	  	   Measures	   HI	  detecBon	  rate	  	  

HI	  emission-‐line	  
survey	  WALLABY	  

z	  <	  0.26	   Individual	  
galaxies	  

Drops	  with	  redshid	  

HI	  absorpBon-‐
line	  survey	  FLASH	  

0	  <	  z	  <	  1.0	  	   Individual	  
galaxies/clouds	  

Independent	  of	  redshid	  	  

HI	  emission-‐line	  
stacking	  DINGO	  

0	  <	  z	  <	  1.0	   ‘Average’	  HI	  
properBes	  

Depends	  on	  redshid	  and	  
the	  amount	  and	  quality	  of	  
opBcal	  redshid	  data	  	  

•  AbsorpBon	  surveys	  can	  tell	  us	  what	  kinds	  of	  galaxies	  (uv-‐bright?	  
dusty?)	  dominate	  in	  an	  HI-‐selected	  galaxy	  sample	  at	  high	  redshid.	  
Need	  to	  know	  this	  to	  design/interpret	  stacking	  surveys	  

•  Low-‐redshiG	  data	  (WALLABY	  at	  z	  <	  0.26)	  are	  key	  to	  cross-‐calibra4ng	  all	  
three	  methods	  	  
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A	  phased-‐array	  feed	  (PAF)	  at	  Parkes	  operaBng	  down	  to	  700	  MHz	  opens	  
up	  exciBng	  possibiliBes	  for	  spectral-‐line	  VLBI	  on	  a	  PKS-‐ASKAP	  baseline.	  	  
SpaBal	  resoluBon	  would	  be	  ~25	  mas	  (0.025	  arcsec)	  at	  850	  MHz,	  corresponding	  
to	  ~180	  parsec	  in	  an	  absorbing	  galaxy	  at	  z=0.7.	  	  

HI	  absorpBon	  at	  z	  =	  0.44	  
in	  PKS	  1740-‐517	  	  

ASKAP	  
PARKES	  



Parkes-‐ASKAP	  VLBI	  with	  PAFs	  
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Successful	  Parkes	  PAF	  –	  ASKAP	  PAF	  fringes,	  Oct	  2016:	  
First	  VLBI	  observaBons	  with	  Phased	  Array	  Feeds	  

hcp://www.atnf.csiro.au/news/news.php?acBon=show_item&item_id=1571	  

Opens	  the	  way	  for	  
VLBI	  spectral-‐line	  
observaBons	  of	  HI	  in	  
the	  distant	  Universe	  



Summary	  
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•  HI	  absorpBon	  is	  an	  important	  probe	  of	  galaxy	  evoluBon	  out	  
to	  high	  redshids.	  The	  ASKAP-‐FLASH	  survey	  aims	  to	  assemble	  
the	  first	  large	  HI-‐selected	  galaxy	  sample	  at	  z	  >	  0.4	  

•  Commissioning	  science	  observaBons	  with	  the	  BETA	  and	  
ASKAP-‐12	  arrays	  have	  already	  yielded	  new	  and	  encouraging	  
results	  	  

•  ASKAP	  data	  will	  all	  be	  public,	  and	  collaboraBons	  are	  
welcome!	  

	  


