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Apertif, the innovative new Focal Plane Array for the Webtek Synthesis Radio Telescope
(WSRT), will significantly increase the instantaneous fiefdsiew and bandwidth of the WSRT
between 1.0 and 1.75 GHz. Installing Apertif will tranfortretWSRT into an effective survey
telescope, enabling efficient northern-sky HI surveys dbagesearches for pulsars and transients.
In this contribution, we will describe a few strawman HI seys to illustrate the possibilities. A
shallow survey of the northern sky&t> 30° will yield some 16 8o detections. A similar number
of detections can be expected from a medium-deep surveyrbbptine SLOAN area, reaching
lower HI masses and lower column densities to study the defiidl disks and filaments. A
deep survey of the Lockman Hole could yield*Hetections out to a reshift of z=0.4, probing the
cosmic evolution of the gas content of galaxies in variondrenments.
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1. Introduction

After more than 40 years, the WSRT will be transformed frore tme world’s most sensitive
and frequency-agile radio telescopes into an efficientesutelescope in the 1.0-1.75 GHz range.
The Apertif Focal Plane Array of Vivaldi receivers will emge the Field-of-View, within half-
power of the primary beam, from 0.28 to 8.0 dethe bandwidth from 160 to 300 MHz, and the
aperture efficiency from 0.55 to 0.70. The system tempezatuowever, will increase from 35 to
55 K, such that A«/Tsys will only decrease by-~20%. Considering the increased bandwidth, the
instantaneous sensitivity for continuum sources will attjuincrease by~10%. A more elaborate
description of Apertif and its prototype is given by Oosterket al (this volume).

In general, surveys carried out with Apertif will take adtege of the WSRT being a regular
East-West array. For instance, the socalled '8gr8’ obagrmode exploits the fact that the WSRT
behaves like a regular diffraction grating which allows ptgmary beam to be covered by a set
of repeatative tied-array fan-beams that feed into a putssrhine. Using earth rotation to rotate
the fan-beams allows for efficient pulsar searches, yigldiccurate locations. Another advantage
is that Fourier transforms of the visibilities do not havetaste the w-term into account which
improves calibration and speeds up the data processing.aw-dack of the WSRT is the fact
that it lacks short baselines while the East-West configumatoes not allow for acceptable image
guality near the celestial equator. Consequently, Apeiitifnot excell in, for instance, surveys of
the Galactic Plane with extended emission or imaging ssreéyhe sky at low declination.

These considerations make it rather obvious which kind pfests Apertif will focus on: pul-
sar surveys, HI imaging surveys of the northern sky at dattbns above 30 degrees, and surveys
of transients by operating the WSRT in 'Fly’s-Eye’ mode,mioig each dish at a different location
on the sky. Furthermore, to increase the observing effigienaveys will be performed commen-
sural as much as possible. For instance, any HI survey willdme in full-polarisation mode with
the full 300 MHz bandwidth to allow for polarisation measuents of continuum sources and the
determination of rotation measures over the full bandwidth

It should be noted that the SKA precursors ASKAP and MeerKAIT also engage in HI
surveys. The scientific motivations for such surveys is \&myilar for all three facilities. In order
to maximize the overall scientific return, capitalizing dre tparticular strength of each facility,
these surveys should be coordinated. ASKAP will provideviiidest instantaneous field-of-view
but has the lowest instantaneous sensitivity for line eimissT he single pixel feeds of MeerKAT
result in a narrow field-of-view but their low system temgaras and the large collecting area turn
MeerKAT into the most sensitive array. Apertif holds the dielground with both a field-of-view
and an instantaneous sensitivity in between that of ASKAPMeerKAT. Furthermore, Apertif is
uniquely located in the northern hemisphere allowing faresgetic science with LOFAR.

While allowing for some 'open access time’ on the WSRT oncaigmed with Apertif, it is
expected that-500x 12" per year will be available for surveys for a total period ofdays. The
maximum amount of observing time available for a particidarvey will probably not exceed
~200x 12" per year. At the moment, the characteristics of the HI sisweigh Apertif are not yet
clear and the scientific merits and trade-offs between suavea and survey depth still have to be
formulated and evaluated by an international science tdarthis contribution, a few strawman
surveys will be discussed to illustrate the possibilities.
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Table 1: Several comparative properties of three strawman Hl s@vey

shallow medium deep
Area northern-sky SDSS Lockman Hole
5>430¢ 8"<a<16" a=10hr52m:43s
40 <O <60 O=+572848"
Frequency coverage (MHz) 1430-1130 1430-1130 1300-1000
Redshift range 0<z<0.25 0<z<0.25 0.0%z<0.42
Sky coverage (dey 10,300 1,500 56
number of APERTIF pointings 1,300 192 7
Tint per pointing 4hr 4x 127 40x 12
number of 12" tracks per year 100 156 56
rms (after Hanning smoothing) (mJy/bm) 1.3 0.37 0.12
number of & detections 105,000 92,000 8,000
Zmax for My, 0.053 0.096 0.164
N (30 for Av=50 km/s atd=50") 5.0x 1070 1.4x10%° 4.6x 10

In order to calculate the expected number of detections fparéicular survey, we assume
a 20% higher noise than the current WSRT andoad&tection threshold after optimal spectral
smoothing, matching the width of the global profile. For atipaftar HI mass, a certain line width
is adopted following the rough correlation between Log(Wdl & 0g(My,) from he HIPASS sur-
vey (Koribalski et al. 2004); Log(W) = 0.43Log(MHB1.72. The relatively high significance is
warranted for a blind survey which is largely dominated byseo Furthermore, it is assumed that
the galaxies are spatially unresolved. Lower detectioastwlds can be accepted in case optical
counterparts exist or optical redshifts are available.

2. A shallow northern-sky survey

Maximizing the number of HI detections in the trade-off be&m survey area and survey depth
for a fixed amount of time, favours the largest possible skyecage. In such a wide-area survey,
the population of HI detected galaxies will be dominated &tively nearby, gas-rich and low-
mass galaxies. Since most detections will be in the neariyerge, the 300 MHz bandwidth of
Apertif should start at 1430 MHz to include galaxies with atbge recession velocities, and reach
down to 1130 MHz which corresponds to z=0.25.

ASKAP will perform a shallow southern-sky HI survey, caldllaby, up to a declination of
+30 degrees (Staveley-Smith, this volume). To increaséetaxy value of the Apertif and ASKAP
shallow surveys, the survey characteristics should begslpmatched in terms of complementary
sky coverage and a similar redshift range, spectral resoliind sensitivity. To obtain a truly
"all-sky’ survey, Apertif should survey the entire northesky above a declination a@f > +30°,
comprising 10,300 dég This can be covered with 1,300 Apertif pointings. To obttia same
sensitivity as the Wallaby survey, an integration time wAgbertif of 4 hours per pointing is re-
quired. Allowing for calibration and slewing overheadsptat of 6,000 hours would be required.
With a survey period of 5 years, this amounts to 02" per year.
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Figure 1: Redshift distributions for the three strawman survey®tisin Table 1. The normalisations are
based on the total number of expected detections.

With an integration time of only 4 hours per Apertif pointing galaxy with a typical HI
mass of M[”=109'8 Mq can be detected at ther8evel out to z=0.053, assuming optimal spectral
smoothing to the expected line width. The most gas-richxiegawith HI masses of M=5x 10'°
M can be detected at the same significance level out to z=0HEltofal number of 8 detections
is expected to be10°, assuming that the galaxies are spatially unresolved wisictoviously
not the case. On the other hand, the HI mass - line width ogldtaces the upper envelope of the
line width distribution and is thus representative for géa close to an edge-on orientation. Less
inclined galaxies will have narrower line widths and will easier to detect.

The column density sensitivity, which is roughly distancdeépendent for this redshift range,
will be rather limited due to the relatively short integmatitime per pointing. The @ detection
limit for column density will be N;=5x10°° atoms/cr for a profile width of 50 km/s and a
synthesized beam of 1515’/sin(50).

The shallowness of the combined Apertif/ASKAP survey irplthat almost no individual
galaxies will be detected in the redshift range 0.11<z<0Né&vertheless, observing with the full
300 MHz bandwidth should be considered to maximize seitgifior radio continuum sources. It
also allows for statistical HI detections by stacking thespiéctra using optical redshifts.

A shallow all-sky HI survey will provide a measurement of, ar upper limit for, the gas
content of every single galaxy in the nearby universe. Thisva the study of the gas content of
nearby galaxies as a function of luminosity, colour, motpgg, star formation rate, environment,
etc. Furthermore, the width of the global HI profiles will prde the dynamical masses of galaxies
and can be used for Tully-Fisher studies, sampling theeshdiral volume of the universe. Fur-
thermore, it will map the detailed structure of High Velgcflouds surrounding the Milky Way,
covering the entire sky.
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Figure 2: Minimum detectable HI mass as a function of redshift for tireé¢ strawman surveys specified in
Table 1. A detection limit of & after optimal spectral smoothing and a maximum HI mass>af@° M,
are assumed.

3. A medium-deep survey

The main limitation of a shallow survey is the fact that gaaxwith a low HI mass can only
be detected in case they are very nearby, making it difficutilttain accurate distances based on
their recession velocities. Furthermore, the limited ouhudensity sensitivity of a shallow survey
prohibits the detection of extended diffuse gas aroundxigda

The main motivation for a medium-deep survey is to study tbiitkd morphologies and
kinematics of the HI gas in galaxies. On the one hand, thigiresjgood column density sensitivity
to map warps, tidal tails and other filamentary structurehm outer regions of galaxies. On the
other hand, a wide range of global and local environmentsjirgg from voids to the cores of galaxy
clusters, need to be sampled extensively to study the irduehthe environment on the efficiency
of physical mechanisms that play a role in the accretion apdetion of gas in galaxies. Obtaining
good angular resolution means that the galaxies can notobeigtant. Ensuring a good sampling
of many different environments means that a relativelydarglume of the local universe should
be observed. The extragalactic sky area covered by the SL&#W¢y offers the best opportunity
for a medium-deep survey. The area 8f 8 a < 16" and 40 < & < 60° spans 1,535 dégvhich
can be covered by 192 Apertif pointings.

In order to reach a column density sensitvity of|N10*° atoms/cm at 30 over a profile width
of 50 km/s at an angular resolution of 1 arcmin, a total inaign time of 4< 12" is required. This
column density and angular resolution are sufficient to ienagtended HI filaments like those
found in the Virgo cluster due to ram-pressure strippinggt@doo & van Gorkom, 2005) and in
the Ursa Major cluster due to tidal interactions. Inveséngl2™ of integration time per pointing
would thus require 15612" per year for a period of 5 years.
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In such a medium-deep survey, an HI mass of iQ, can be detected av8from a distance
of 4.5 Mpc, while M;, can be detected at a redshift of 0.096. The most gas-rickxigalavith a
mass of 5 10'° M, can still be detected at z=0.2. The total number of detectéakiges in such a
medium-deep survey will be 9 x 10%, sufficient for studies of multi-variate dependencies @f th
gas properties like the occurence of warps as a function aphwogical type, dynamical mass
and local environment.

4. A deep survey

A medium-deep survey as sketched above will not be able &ctleiven the most gas-rich
galaxies beyond a redshift of 0.2 while the low-frequencyitliof the Apertif system can reach
down to 1000 MHz or z=0.4, with the 300 MHz bandwidth instaeteusly covering the redshift
range from 0.09 to 0.4. To properly study the gas propertfegataxies at these cosmologically
significant distances, more sensitivity is required. Ineorth detect, at the@-level, 10 Mg at
z=0.1, 16° M, at z=0.2, and & 10'° M, at z=0.35, an integration time of 402" is required.
This allows, at the same significance level, a galaxy with) M8 M, to be detected at z=0.17
as indicated in Figure 2.

The Lockman Hole is an obvious region of the sky to be seleftieé deep survey. This
area of minimal Galactic extinction near the North Galaglmle has been surveyed with many
different facilities at many different wavelengths. Assing 7 Apertif pointings, comprising 56
square degrees, fully covers the Lockman Hole and the distdnme surveyed with Apertif is
expected to contair-8x 10° detectable galaxies.

Within the highest redshift range that can be observed wiper¥, signs of cosmological
evolution are becoming evident. The nearest Butcher-Oechlisters are found at these redshifts
and it is expected that the atomic gas den8ity of the universe is enhanced with respect to z=0. A
deep survey with Apertif, resulting in nearly 4811 detected galaxies at redshifts 0.1 to 0.4 will be
able to reveal the cosmological evolution of the gas corgégalaxies in different environments.

5. Conclusion

Of course, the three strawman surveys outlined above andnauized in Table 1 merely
illustrate the possibilities. The details of actual HI sys to be carried out with Apertif in terms
of sky coverage, depth and selected areas, will be discussdinalized within an international
science team. It is noteworthy, however, that carrying ¢iu atrawman surveys sketched above
requires a total observing time of 30@2" per year for a period of 5 years which leaves some
200x 12" per year available for pulsar and transient surveys.
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