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ABSTRACT

We present the results of a small, low redshift spectroscopic survey of galaxies within 3° of the
North Celestial Pole (NCP) selected using V-band photometry obtained from the North Celestial Cap
Survey (NCCS) (Gorbikov & Brosch 2014). The purpose of the current survey is to create a redshift
space template for 21 cm emission from neutral hydrogen with which to correlate radio line intensity
observations by the Tianlai dish and cylinder interferometers. A total of 898 redshifts were obtained
from the 2102 extended objects in the NCCS with my < 19 in the survey area. After accounting for
extinction, the survey geometry and selection effects, the number density and clustering pattern of
galaxies in the redshift catalog are consistent with other low redshift surveys. We were also able to
identify 11 galaxy cluster candidates from this redshift catalog.

Keywords: cosmology:observations — cosmology:large-scale structure of Universe — galaxies:redshifts

1. INTRODUCTION

In this paper we present the results of a spectroscopic optical galaxy redshift survey of the North Celestial Cap
(NCC). This survey was done in support of the Tianlai Pathfinder (Wu et al. 2021; Li et al. 2020), a radio telescope
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array being used to develop the 21 cm intensity mapping technique (Chang et al. 2008; Loeb & Wyithe 2008; Liu &
Shaw 2020). For decades, the 21 cm radio emission line has been used to construct redshift catalogs of individual
galaxies with depths limited by the sensitivity to individual galaxies (Obuljen et al. 2019). 21 cm intensity mapping
can function at greater depths where individual galaxies are unresolved, determining the large scale spatial distribution
of the neutral hydrogen gas. Indeed, 21 cm intensity mapping observations have set upper limits on the the spatial
distribution of hydrogen gas at redshifts spanning the Epoch of Reionization and Cosmic Dawn. They may eventually
measure the distribution of hydrogen gas during the cosmic Dark Ages, before galaxies formed, where most of the
gas is neutral hydrogen. Observations in all redshift ranges suffer from common challenges, the most significant being
radio foregrounds orders of magnitude brighter than the hydrogen signal. Until recently, measurements by individual
instruments have resulted only in upper limits on the hydrogen signal, with the exception of measurements at z = 0.33
and z = 0.44 using the MeerKAT (Paul et al. 2023) interferometer and at z ~ 1 with the CHIME interferometer
(Amiri et al. 2025). In addition, successful detections have been achieved by cross-correlations with optical surveys.
The CHIME interferometer has also successfully detected HI emission by cross-correlating with large-scale structure
in the eBOSS survey (Amiri et al. 2023, 2024) as has the MeerKAT interferometer (operated as multiple single dishes)
(Cunnington et al. 2023) with the Wiggle-Z galaxy redshift survey. Single dish instruments (e.g. Wolz et al. (2021)
with GBT data, Anderson et al. (2018) with Parkes data) have done so as well. Observing cross-correlation signals
at levels on par with detailed simulations validates the understanding both of systematic effects and the analysis
pipelines. So far, in redshift ranges where galaxy redshift surveys exist, 21 cm intensity mapping results are far from
being competitive with them. This is largely due to a variety of systematic effects which it is hoped can be ameliorated.

Traditional 21 cm galaxy redshift surveys operate in a regime where individual galaxies can be differentiated. At
somewhat larger z’s there is an intermediate (“hybrid”) regime where one can identify individual large galaxies or
groups of galaxies but where most of the 21 cm signal comes from unresolved galaxies which can be studied using
21 cm intensity mapping. This is the regime in which the Tianlai Dish Array (TDA) low redshift survey will operate.
It is expected to detect the 21 cm signal, including a few HI “clumps” (Perdereau et al. 2022). Currently, the TDA
correlator has an instantaneous bandwidth of ~ 100 MHz that can be tuned within the range from 400 — 1430 MHz
(2.55 > z > —0.01). The nearest volume that can be surveyed with a single tuning of the array includes 0 < z < 0.07.
Just as other 21 cm intensity mapping surveys at higher redshift have benefited from cross-correlation with galaxy
redshift surveys, having a spectroscopic optical galaxy redshift survey overlapping the TDA survey volume can help
to disentangle signal from systematics. This is the purpose of the current survey.

One systematic uncertainty is the shape of the radio beam, particularly the sidelobes. Another is electromagnetic
interactions between different elements of the array (Kern et al. 2019, 2020). Both of these are sensitive to the
array’s configuration. To minimize the complexity of these uncertainties, arrays designed for 21 cm intensity mapping
generally operate as transit telescopes pointing at a fixed declination and scanning the sky over right ascension as the
Earth rotates. Since there is a much larger solid angle at low declination (near the celestial equator) than at high
declination (near the NCP), the telescope will spend a smaller fraction of time observing any given patch of the sky at
low declination than at high. This results in poorer brightness temperature (or intensity) sensitivity at low declination
for a given observing time. At the other extreme, if one points at the Celestial Poles (North NCP or South SCP)
then one is always observing the same patch of the sky, which leads to far better sensitivity. For this reason, most of
the TDA observations to date (near z ~ 1) were performed with the array pointing directly at the NCP. We chose
the same observing strategy for the low redshift survey. At the lowest z’s the observational wavelength is A ~ 21 cm
and the TDA angular resolution is ~ 2.3°. Thus, to complement the low-z TDA survey, one wants an optical galaxy
spectroscopic redshift survey of the z < 0.07 volume within ~ 2° of the NCP. We refer to our survey area around the
NCP as the North Celestial Cap or NCC and use tNCCSz as an acronym for our redshift survey.

The Tianlai collaboration carried out the spectroscopic survey prescribed above because no such survey existed.
(Fortunately, the NCCS photometric survey (Gorbikov & Brosch 2014) had already been performed for other reasons.)
There are many reasons why this survey has not been done before:

1. The NCC is near the Galactic plane, it has high reddening (or extinction), 0.05 < E(B—V) < 0.55, which makes
it an ill-suited area for extra-Galactic astronomy (Fig. 1 Left);

2. The NCC can only be observed at high airmass, 2 2, for any existing, large, ground-based telescope;

3. Most equatorial mount telescopes are unable to observe very close to the NCP.
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Although the survey described here is suitable for this purpose, it adds little to our knowledge of cosmological structure
because of the small area (~ 30sqdeg) and volume (2.5 x 10~* Gpc3). It does, however, map a part of the nearby
Universe that has been neglected heretofore. It will also aid the Tianlai project and perhaps other observations in this
volume.

This paper is organized as follows. Section 2 describes the survey design and observations. Section 3 describes
the process of reducing the raw spectroscopic data to redshifts. Section 4 gives statistics for the catalog, provides
verification of the survey by cross-matches with other surveys in the same region, and provides the selection function
and the redshift distribution. Section 5 further validates the survey by comparing the observed clustering statistics
with those of comparable surveys in other regions of the sky. We summarize the results in Section 6.

Galaxy Magnitudes
Mag 18
© Mag17
o Mag16
T FWHM = 2.4°

Figure 1. Left panel: Planck V-band extinction map showing A, (in magnitudes) in a 6° radius region around the NCP. We
have used the Planck dust extinction map (Planck Collaboration et al. 2016) to model the Galactic extinction. Note that the
tNCCSz survey covers the central region to a radius of 3°. One can notice that this area is subject to significant absorption by
dust, reaching 1.7 magnitude in some directions covered by the survey. Right panel: Distribution of targets and associated tiling
map for the tNCCSz survey. Color-coded by magnitude, the map highlights galaxies in a specific magnitude range for redshift
analysis. The circular red outlines represent the 56 observational tiles, each corresponding to a unique pointing of the WIYN
telescope to cover the declination range above 87° and parts of the 86.6° to 87.0° range. The blued dashed circle represents the
full width at half maximum of the primary beams of the TDA antennas at 1380 MHz (z ~ 0.035).

2. THE SURVEY

To conduct an optical galaxy redshift survey, one must first identify the angular positions of the galaxies using a
photometric survey and then perform spectroscopic observations. The photometry for our study was previously done
in the North Celestial Cap Survey (NCCS Gorbikov & Brosch (2014)). The NCCS identifies approximately 4 x 106
objects within 10° of the NCP using V-R-I photometry with magnitude limits my < 20.3, mgr < 21.0, and m; < 19.2.
Some of these objects are stars, and some galaxies, particularly at the magnitude limit, are likely beyond our primary
interest in redshifts with z <= 0.07. Thus, only a fraction of the NCCS survey is useful for our purposes. The catalog
also includes a PESS (point-extended-source-separation) index indicating whether an object is point-like (PESS <=1,
most likely a star) or extended (PESS = 2 or 3, most likely a galaxy). Selecting spectroscopic targets involved cutting
on declination and magnitude and excluding point-like objects.

2.1. NCCS Target Selection

Target selection was based on the NCCS catalog, focusing on identifying galaxies within the V-band magnitude
range 13 < my < 18.995. (We originally set our magnitude threshold at my < 20, but backed off after taking the
first night of data.) We chose only extended objects in the NCCS catalog, with PESS = 2 or 3. The spatial coverage
concentrated on regions with declinations greater than 87°. Although the radio beam of the Tianlai Pathfinder falls
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off with angle, it does not go to zero, and there is some benefit to surveying larger areas for the tNCCSz. We may
extend this survey to lower declinations in the future. This region was divided into 56 observational tiles. The center
of each tile corresponds to a specific pointing of the WIYN telescope and the diameter corresponds to the 1° field of
view. (Figure 1 Right). The tiling ensured that each target was assigned to a unique tile, minimizing redundancy and
maximizing coverage. Due to limitations in fiber positioning within the WIYN 3.5 m telescope’s focal plane, each tile
required multiple observations, typically two or more, to observe nearly all of the targets. The observation strategy
also yielded partial coverage of the declination range from 86.6° to 87.0°.

2.2. Observations

Between February 2020 and May 2023, we obtained 15 nights of gray and dark time on the WIYN 3.5 m telescope to
use the Hydra multifiber positioner and bench spectrograph (Barden & Armandroff 1995) to survey the NCC. We used
the bench spectrograph with the blue-light optimized fibers and the 400@4.2 (WIYN Hydra and Bench spectrograph
users manual - v5) grating. These choices resulted in wavelength coverage from below 3800 A to above 7600 A.
However, our sensitivity below about 4600 A was typically insufficient to identify the common absorption features in
galaxy spectra, and the H, emission line could be confused with prominent sky lines above 7200 A.

3. DATA REDUCTION
3.1. Processing

Each fiber in the Hydra spectrograph produces a linear image on the charge-coupled device (CCD). The images are
reduced to spectra using a Hydra-specific computer code written by one of the authors (JPM). Each night a number of
calibration images are taken. These usually comprise 21 bias frames, 3 dark frames, and 5 dome flats. The exposures
are averaged and used in the processing of the science images. In addition, the spectrum of a standard star (6 Ursa
Minoris) is measured and used to obtain the ratio of measured analog-to-digital converter (ADC) counts to physical
flux units. The steps for processing the science images are summarized below.

1. Subtract bias images and mask pixels that are flagged as bad because the bias levels are too low or too high.

2. Subtract dark images (normalized to the exposure time) and mask pixels that are flagged for excessive dark
current.

3. Estimate pixel value errors as a combination of read noise and photon statistics.

4. Remove cosmic rays by looking for unusually large gradients in the pixel map. Pixels contaminated by cosmic
rays are masked.

5. Extract the spectra for each fiber. The extraction follows the peak of each line and adds the pixels at each
wavelength that lie within +7 pixels of the peak.

6. Normalize the spectra in the previous step using the dome flat. Assuming that a dome flat illuminates the fibers
uniformly, this step will equalize the responses of all the fibers.

7. Subtract a sky spectrum from each of the spectra in the previous step. The sky background is determined from
the average of the sky fibers, which are placed in the focal plane without regard to the positions of the targets;
most often they measure positions with negligible light from celestial sources. An average spectrum is determined
and subtracted from each individual spectrum.

8. Correct the spectra for atmospheric extinction.

9. Normalize the spectra to physical flux units using the observation of the standard star. The normalization is
discussed in more detail below.

A standard star was measured to normalize the spectra. On most nights at least three spectra were taken of a
reference star, § Ursae Minoris, to compare with the standard star spectrum obtained by the Hubble Space Telescope
(HST). Figure 2 shows three consecutive spectra. The spectra are all high quality but the variations in amplitude
and shape affect the overall normalization. The normalization curve is derived from the ratio of the average of the
measured spectra to the standard flux.
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Figure 2. Three spectra of § Ursae Minoris obtained on March 7, 2022 are plotted in raw ADC counts per wavelength bin
(scale on the left axis). For our configuration the wavelength bins are about 2.1 A. The HST CALSPEC standard spectrum is
plotted in physical units (scale on the right axis). The ratio of the average of the measured spectra to the standard establishes
the normalization factor.

The sensitivity of the Hydra instrument is limited by the brightness of the night sky. The night sky spectra
exhibit prominent atmospheric emission lines and a broad continuum. For most of our data, the moon was at ~50%
illumination and above the horizon for about half of the night. The moonlight is particularly bright towards the blue
part of the spectrum. The observed night sky brightness is reduced by ~ 3.5 times after moonset.

3.2. Sample Spectra

Four representative spectra are shown in Figure 3. The spectrum of NCCS2343163 has a spectrum with prominent
emission lines, characteristic of a spiral galaxy with significant star formation. This spectrum is among the brightest
galaxy spectra in our sample. Emission lines, when present, can often be easily recognized even when absorption
features are completely washed out by the noise in the spectrum. In fact, the dimmest spectrum in our catalog that
has a well determined redshift has my = 18.989, nearly at our target selection criterion of my < 19.

The spectrum of NCCS3513807 has no prominent emission lines but does have some clear absorption lines, charac-
teristic of elliptical or early type galaxies. While the absorption lines are very clear in this relatively bright galaxy,
they are typically more subtle. Emission lines have relatively small errors from photon statistics, but absorption lines
result from the absence of light and have relatively large errors from photon statistics. Absorption lines also tend to
be broader than emission lines. For these reasons, it is difficult to identify absorption lines in the dimmer galaxies. In
fact, the overwhelming majority of identified redshifts come from emission line galaxies.

The spectrum of NCCS3316833 is that of a star. The brightest targets in our sample are often not galaxies but
stars. While the targets were selected because the measured size exceeds the size of the point spread function, our
NCCS galaxy catalog has substantial stellar contamination at the brighter end of the catalog. Stars can generally
be identified by absorption at the rest-frame wavelengths of the hydrogen Balmer series. Mature stars often have
prominent absorption at G-band, Mg, and Na as observed in this example. Unfortunately the Na line is also present
in the sky spectrum, making it an unreliable indicator of stellar spectra. Cooler stars, like M-stars, have only broad
absorption bands, making them more difficult to identify when the signal-to-noise ratio is poor.

The spectrum of NCCS0424639 has no identifiable features. The NCCS magnitude of this target is my = 17.91,
significantly brighter than the faintest targets at my = 19. The spectrum has positive flux except possibly at the very
blue portion, but there are examples with negative flux and significant positive and negative slopes. The variation in
the level of the continuum is thought to be caused by errors in the sky subtraction. No redshift was assigned to this
object.

3.3. Redshift determination
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Figure 3. Upper left: The spectrum of NCCS2343163 with a catalog magnitude of my = 14.56 is the spectrum of a bright
emission line galaxy. The clear H, (6565 A) emission line flanked by NI[II] (6550, 6585 A) dominates the spectrum. The
measured redshift is z = 0.0158. Upper right: The spectrum of NCCS3513807 with a catalog magnitude of my = 16.05 is one of
the brightest absorption line spectra that were obtained. The absorption lines are seen clearly at redshifted G-band (4307 A),
Hp (4863 A), Mg (5177 A) and Na (5896 A). The Ca-K (3935 A) is present but difficult to discern from the noise until the
wavelength scale is expanded while there is but a hint of the Ca-H (3970 A) line. The measured redshift is z = 0.0543. Lower
left: The spectrum of NCCS3316833 with a catalog magnitude of my = 15.26 is a typical spectrum of a bright star. There are
clear hydrogen Balmer series lines as well as G-band (4307 A) and Mg (5177 A). Lower right: The spectrum of NCCS0424639
with a catalog magnitude of my = 17.91 is a typical spectrum without any obvious features.

We used two approaches to determine redshifts from the reduced spectra. In the first method, the spectra are
analyzed visually. The second method is largely automated.

3.3.1. Visual Method

Each reduced spectrum is examined for characteristic emission and absorption lines that would reveal the galaxy
redshift. In most cases, no significant features are found. In the case where a spectral feature is potentially identified,
the redshift determination is assigned a quality factor (@) of 1 to 5. A quality factor of 5 generally indicates a certain
redshift with a clear feature (usually H,) and at least one other confirming feature, for example, O[III](5008). A
quality factor of Q = 1 indicates a possible but unconfirmed feature or more than one feature with low significance.
A spectrum is assigned a quality factor @ = 1 if it is judged that the feature(s) are more likely than not to have been
correctly identified. A quality factor of Q = 0 is assigned for spectra where no redshift is determined. Other quality
factors describe intermediate levels of confidence in the redshift determination. Of the 1874 spectra examined, it is
determined that 1086, 160, 77, 173, 126, 252 spectra have quality factors of 0, 1, 2, 3, 4 and 5 respectively. It should
be emphasized that the quality factor is a subjective assessment that has not been checked or calibrated.
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Figure 4. Systematics template in the WIYN spectra. All spectra, after subtraction of a low-order polynomial, have been
superimposed (blue dots). The red curve shows their median in wavelength bins of width 1 A. The root-mean-square of the
measurements distribution in each bin is shown in green. Areas where atmospheric or instrumental effects either cause large
dispersion or prevent any measurements are clearly apparent. Note the “wiggles” at the long-wavelength end of the spectra.

Spiral galaxies, especially those with significant star formation, exhibit strong emission lines that are often several
times the continuum level. Redshift was determined using the most prominent line, which was usually the H, (6562)
line. Most of the galaxies whose redshifts are determined are of this type. Elliptical galaxies typically have absorption
lines that are a fraction of the continuum level, and these lines are difficult to distinguish from fluctuations in the
continuum level. Thus, it can be easy to determine redshifts for star-forming galaxies at my = 19 but impossible to
determine redshifts for elliptical galaxies at my = 16. The distribution of target magnitudes is shown in Figure 8.
Not surprisingly, we more often obtain a redshift when the target is bright.

3.3.2. Semi-automatic Method

This method aimed at determining a robust redshift estimation from the computation of a correlation coefficient
between the measured spectra and galaxy template spectra picked from the literature. On average, the WIYN spectra
consist in about 1720 data points, with a 2 Angstroms sampling step covering the wavelength range 3900 < A < 7560 A.

To perform such evaluation, we first subtracted a low-order polynomial from our spectra, as a similar operation is
usually performed for the literature templates. We determined a “systematics” template from the resulting spectra,
by computing their median with respect to frequency, as illustrated by Figure 4. The structures in this median were
caused e.g., by atmospheric features and/or specific features in the fiber system. To each reduced spectrum we then
fitted an amplitude for this systematics shape and subtracted it.

We chose to use two (for robustness) galaxy spectra templates with emission features and two with absorption
features. Emission line galaxy spectra have been chosen from the SDSS DR5 spectral cross-correlation templates'.
Specifically, we used templates with IDs 24 and 25 in our processing. For absorption line galaxies, on the one hand, we
used the NGC 4125 spectrum listed by Brown et al. (2014) in their representative subsample. We also used template
no. 41 in the collection used in the AUTOZ code developed within the GAMA collaboration (Baldry et al. 2014)2.
Finally, two redshift measurements have been derived using template ID 30 in the SDSS DR5 collection, corresponding
to objects with broad emission lines (like QSOs or AGN). Prior to their use in redshift determination, all templates
are pre-processed by fitting and subtracting a low order polynomial.

Given the limited signal-to-noise ratio (SNR) of our reduced spectra, we chose to single out the most salient features
of the templates to evaluate a redshift. For each tested redshift value z, template spectra were redshifted, after which
the procedure computes:

c(2) = 1/Npeas. 3 > _(di = () (f(2)i = (f(2))),
foi

where f(z) denotes the selected parts of the template (e.g. the H, emission line region) translated according to z and
re-interpolated at the wavelengths of the tested reduced spectrum points denoted d;. From the errors on each data
point evaluated by our spectrum extraction pipeline, we also derived the uncertainty on ¢(z), denoted by o.(z), for

! https://classic.sdss.org/dr5/algorithms/spectemplates/
2 code and data can be found in I. Baldry’s website: https://www.astro.ljmu.ac.uk/ ikb/research/
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Figure 5. Results of the semi-automatic redshift determination procedures. The top panel shows the reduced spectrum of
object NCCS426395, for which we measure z = 0.0956 with template no. 24 from the SDSS collection. The bottom panel
shows the reduced spectrum of object NCCS452010 for which we measure z = 0.1697 using the template no. 41 from the AUTOZ
collection, corresponding to an elliptical galaxy. See text for a detailed explanation.

each tested redshift. The median of the ¢(z) values, denoted by m., is in general close to 0. We compute the clipped
r.m.s. of these values, denoted by . The procedure selects the value of z which corresponds to the maximum of
¢(z) — m, for each template. From the width of the peak around this maximum, we estimate in general an accuracy
of ~ 5 x 107* on our redshift estimation, with a large dispersion (in particular, the accuracy is in general better for
emission line spectra). Our procedure also provides an estimation of the “significance” of this excursion:

c(z) —me
/00(2)2 Jrﬂz'

We finally examine by eye the results of this determination to keep only those spectra for which the redshift determi-
nation seems reliable. In general, only one of the two template categories leads to a redshift estimation, but in a few
cases a compatible redshift is estimated with both, as in one of the emission line galaxy templates some absorption
features are also present. For 2 spectra, the redshift was estimated using the SDSS ID 30 QSO template as both
present broad emission lines characteristic of these objects.

We show two examples of results we obtained with our procedure in Figure 5. In both examples we show on the right
the variations of ¢(z) as a function of the tested redshifts. The value we compute is shown in black; we superimpose
error bars obtained by propagating the spectrum errors. The yellow lines outline the median and dispersions computed
in broad z intervals. On the left hand side, we show the reduced spectra and template, after subtraction of a low order
polynomial. The WIYN spectra are shown by the gray dots and error bars. We also indicate, in blue, a smoothed
rendition of the same data. The template, redshifted to the best redshift value, is shown in black. We indicate by red
dots the parts of the templates we used in the calculation of ¢(z). They correspond to the most salient features of the
templates.

The NCCS426395 presents a few narrow emission lines. The most prominent is the H, line at 6564.6A. Several
other lines are visible, such as Hpg (4862.7 A) and O III lines near 5000A. We also indicate with green bands the
location of usual atmospheric lines, used in the SDSS analyses®. On the c¢(z) variations we clearly see the impact of

SN =

3 https://classic.sdss.org/dr6/algorithms/linestable.php
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the non-uniformity of noise and systematics: Above z = 0.1, the H,, line is redshifted in the high end of the spectrum,
where residual systematics show up. Hence, the correlation estimation is more dispersed around 0. Above z ~ 0.14
this line gets shifted outside the spectrum’s range. This directly impacts the efficiency of our redshift determination,
which for emission line galaxies falls above z ~ 0.1.

The NCCS452010 shown below presents typical broader absorption lines from Na (around 5895 A), Mg (around
5176.7 A), the H and K doublet from ionized Ca (3935 and 3970 A), the G band near 4310A. In general, due to the
broad nature of the features used in the correlation analysis, the accuracy is lower than for emission line spectra. The
rather low SNR of our data imposed us to require that more than two of the most prominent features are identified
in the spectra. We also restricted the data used in a narrower wavelength interval to avoid results biased by the
systematics at both ends of our spectra. Finally, thanks to the marked HK doublet absorption lines, the efficiency of
the procedure is better than for the emission line spectra for redshifts above 0.15-0.20.

4. THE SPECTROSCOPIC CATALOG

The statistics of the redshift determinations for tNCCSz are given in Table 1. The number of targets that were
candidates for observation according to the criteria outlined in Section §2.1 is 2102. We obtained spectra for 1874 of
those targets. More than one spectrum was obtained for some targets where the first results were not satisfactory.
The visual method was able to extract information from the spectra for 789 targets (Qvis > 1), out of which 669 were
classified as galaxies with a redshift, and the remaining 120 were classified as stars. In most cases, thetae failure to
determine a redshift was due to a low SNR spectrum, but the semi-automatic analysis indicates that some redshifts
were missed by the visual analysis.

The semi-automatic analysis was able to determine redshifts for 786 targets in total (Qauto > 1), out of which 553
were also identified as galaxies by the visual method. The two redshift determinations agree well for the vast majority
of these objects, with |Zyis — Zauto| < 0.005 for 510 galaxies out of 553. In addition, there are 9 objects identified as
stars by the visual method for which a redshift is obtained by the semi-automatic procedure. These 9 objects have
been subjected to a complementary analysis, where the information from the GAIA catalog has also been used. We
have classified as stars 4 of these 9 objects, and have classified the remaining 5 as galaxies with redshifts assigned by
the semi-automatic method. In summary, combining the two methods, we have been able to extract information for
1013 targets, of which 115 have been classified as stars and 898 as galaxies with a redshift estimate.

Table 1. Target Statistics.

Targets 2102
Targets with spectra 1874"
Targets with > 2 attempted spectra 1057
Targets with > 3 attempted spectra 7
Visual method results

Objects with Qvis > 1 (spectrum analysis successful) 789
Objects with Qvis > 1 & redshift = 0, identified as stars 120
Objects with Qvis > 1 & redshift > 0, identified as galaxies 669
Semi-automatic method results

Objects with redshifts, identified as galaxies Qauto > 1 786
Objects with redshifts, identified as galaxies Qauto > 3 699
Total number of galaxies with redshifts (used in analyses below) 898

* The main reason we were unable to obtain spectra for all the targets was due to the constraints in placing fibers in the focal plane
and the lack of observing time to make additional observations of each tile. In addition, we lost targets because the telescope software
did not configure all the fibers according to the pre-observational simulation (49 targets) and a broken fiber that was not recognized
during the early observations (36 targets.

1 More than one spectrum indicates multiple attempts to obtain a spectrum— normally because prior attempts did not actually
produce a spectrum or because a redshift could not be determined from the spectrum.

4.1. Cross-match with other catalogs
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Figure 6. Distribution of the PESS flag (NCCS source identification flag) for various samples: all NCCS objects with § > 86.6°
and 13 < my < 18.995 (light blue), objects with a match in Gaia DR3 (light green), objects with a match in Gaia DR3 (orange),
and objects with a match in Gaia DR3 with a significant proper motion or a significant parallax (gray). Our targets, which are
restricted to have PESS = 2 or PESS = 3, are likely to be contaminated by stars at < 10%.

4.1.1. A posteriori check of target selection with Gaia

In order to estimate the fraction of proposed targets that might actually be stars, rather than galaxies, we matched
the NCCS catalog with the Gaia DR3 catalog (Gaia Collaboration et al. 2023). As this catalog was released well after
the beginning of our survey, this is only an a posteriori check. First, we looked at the distribution of the PESS flag for
NCCS objects with 6 > 86.6° and 13 < my < 18.995 - essentially the same as the criteria used for our target selection
- shown on Figure 6. Within this sample, 1714 and 669 objects have PESS flag equal to 2 and 3, respectively. Of
these, 1046 objects with PESS = 2, and 222 objects with PESS = 3, are closer than 2 arcsec from an object in Gaia
DR3 (a “match” in the following). In contrast, more than 99.8% of NCCS objects with PESS < 1 (point-like) have a
match in Gaia DR3.

Gaia DR3 provides parallax and proper motion measurements. An object in the Gaia catalog with a significant
parallax or proper motion is most probably a star. For 258 of the 1046 PESS = 2 objects with a match in Gaia, the
Gaia source has a parallax greater than twice the reported error in the Gaia catalog, or a significant proper motion.
(Note that ~ 99.8% of objects with a significant proper motion also have a significant parallax.) For the 222 NCCS
objects with PESS = 3 and with a match in Gaia, the above category (with significant parallax or proper motion)
amounts to 24 objects. As Gaia is targeting stars, PESS=2 and 3 NCCS objects without a match are most probably
not stars, but mostly galaxies. Assuming these have the same properties as the matched ones (a worst case scenario),
the fraction of our selected targets that could be stars would amount to < 10%. As noted above, we did not use the
Gaia catalog to remove stars from our target list due to its late availability.

4.1.2. Comparison of our catalog with Gaia

Based on our (visual) analysis of the spectra, we identified 120 stars in our NCCS target sample (Qvis > 1, Zyis = 0).
All of these objects have a Gaia counterpart, all with measured parallax and proper motion. For more than 90% of
these objects, the measured parallax and/or proper motion is significantly (> 3c) different from 0, indicating that
the vast majority of objects spectroscopically identified as stars are indeed stars. The fraction of objects identified as
stars, 120 out of 789 objects with Qis > 1, is ~ 15% of the total. This fraction is slightly higher than the overall star
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contamination of < 10% expected among targets, as described in §4.1.1. This higher rate may be explained by the
biased magnitude distribution; stars are brighter and hence have a larger spectrum based identification efficiency.

4.1.3. Comparison with the 2MASS Redshift Survey

The 2MASS redshift survey catalog (Huchra et al. 2012) contains a number of galaxies that overlap our survey area.
As a means for testing the completeness of the tNCCSz, we searched the 2MASS catalog for galaxies with § > 86.5°
and mg > 13.5. We found 26 such galaxies and

our tNCCSz survey obtained spectra for 14 of them. The breakdown of the reasons the remaining 12 were not in our
sample is summarized in Table 2. The two targets that were “Not in the NCCS Catalog” were detected in V-band by
NCCS but without corresponding measurements in R or I bands. These objects appear in the full NCCS catalog but
not in the “cleaned” catalog that we used for target selection. Somewhat surprisingly, 10 galaxies were not included in
our target list because the NCCS catalog PESS score indicated that they were more likely stars. This result appears
to be inconsistent with our understanding that the NCCS catalog separation between stars and galaxies is > 92%
accurate, based on a comparison of NCCS with SDSS (Gorbikov & Brosch 2014).

The overall star-galaxy separation is poorer (10 stars/24 objects = 42%) for this particular small sample. It may be
that the star-galaxy separation for the 2MASS redshift sample is less accurate for the relatively bright galaxies in the
2MASS sample — although naively one would expect a problem for fainter objects.

Table 2. Comparison of 2MASS redshifts with the tNCCSz ones

Category Number Percentage (%)
Not in NCCS Catalog 2 8
NCCS Star (PESS 0 or 1) 10 38
Agreement (roughly) 14 54
Total 26 100

The differences in redshift between the 2MASS catalog objects and those from this work for the 14 common objects
are plotted in Figure 7. All the WIYN spectra were judged to be Qyis > 3. The differences are typically less than
0.0005, although there is an indication that the WIYN redshifts may be slightly smaller on average. The WIYN redshift
of the outlier at -0.0029 was determined from a putative Hg emission line despite several absorption features which
agree well with the 2MASS redshift. In retrospect, using the Hg emission line was probably an error in judgment.
In this case, the WIYN spectrum was judged to be Qyis = 3. The outlier at 0.0015 appears to have an H, and an
NII(6583) emission line and was also judged to be a Qyis = 3 identification. However, the difference in redshifts is
inconsistent with the expected uncertainty in the WIYN spectra. The WIYN spectrum for the outlier at -0.0013 was
judged to be a @Qyis = 5 spectrum, but had only absorption lines, which are more difficult to accurately measure.

4.2. Selection Function

Figure 8 shows the Vi, distribution of all observed NCCS targets, together with the distribution of objects identified
as galaxies with an assigned redshift, either by the visual procedure or by the automatic procedure. There are a total
of N = 669 galaxies with visual redshifts Qyis > 1, and N = 786 galaxies with redshifts assigned by the automatic
procedure Qauto > 1. This number drops to N = 699 for a more stringent quality cut Q.uso > 3, corresponding to a
higher SNR, dropping the ~ 10% galaxies with the lowest SNR.

We have modeled the selection effects for the tNCCSz spectroscopic catalog € (Vinag, 9) as a product of three selection
functions which are described below:

& (anag7 6) :5NCCS(Vmag) X 55(5) X gz(vmag) (1)

1. The NCCS catalog selection effect, modeled as a V-magnitude dependent effect:

1
1+ exp(c1 X (Vinag — m7))

Ences(Vimag) =
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Figure 7. The distribution of differences in redshifts between the 2MASS redshift catalog and the tNCCSz catalog (this work):

AZ = ZtNCCSz — Z2MASS -

2. A significant fraction of the targets located beyond 3° of the NCP were dropped during the tiling for fiber
assignment. We model this as a declination-dependent fiber assignment efficiency function:

1

&0 =TT (cs x (0 —0%))

cs =15 , &* =86.78° (3)

3. Finally, the efficiency of obtaining a usable spectra, leading to identifying a galaxy with a redshift is modeled as
a second magnitude dependent selection function.

1

gz(vmag) = 1 _|_ exp (C2 X (Vmag - m;))

co=1, my=174 (4)

We have used the sample of galaxies with redshifts assigned by the automatic procedure with Qauto > 3 in the
clustering analysis presented below, although we obtain fully consistent results by using either the redshifts obtained
by the visual procedure, or the larger sample Qauto > 1. The parameters of the third selection function &£, (Vinag) given
above is consistent with the efficiency function describing either the sample of N = 669 objects with redshifts assigned
by the visual procedure or the sample Qauto > 3 of the semi-automatic procedure with N = 700 objects.

Using the above efficiency functions, we are able to reproduce the magnitude distribution of our final list of galaxies
with redshifts, the NCCS catalog itself, and the selected targets for this survey. To do so, we start from the galaxy
absolute luminosity distribution function, and we take into account the absorption by the Galactic dust, with its
variations over the ~ 35deg? survey area (Figure 1, right panel). The galaxy luminosity distribution is modeled as
a Schechter function (see Eq. 6) with the parameters given by Zucca et al. (2009). More precisely, we have used
a characteristic magnitude M* = —20.5, normalisation ®* = 0.0063Mpc > and a faint end slope a = —1.07 as the
luminosity function parameters. More details can be found in paragraph 5.3.1.

Using the NCCS selection function defined in equation 2, we are able to reproduce well the apparent magnitude
distribution of the NCCS catalog. The right panel of Figure 9 shows the expected distribution of the magnitude of the
galaxies with a redshift from the tNCCSz survey, obtained using the efficiency functions defined in equations 2, 3 and
4 superimposed on the actual distribution (filled orange histogram). The agreement is quite satisfactory, including the
total number of expected objects.

4.3. Catalog Description

The tNCCSz redshift catalog contains a total of 23 columns and 1874 rows, with each row corresponding to an
NCCS (Gorbikov & Brosch 2014) source, with the associated redshift information extracted from the current survey’s
observations. Eleven columns correspond to information in the original NCCS catalog, and an additional 12 columns
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histogram, and the expected magnitude distribution starting from the galaxy luminosity function in black. Right: V-band
magnitude distribution for all targets for which a redshift has been obtained by the automatic procedure with associated quality
Qauto > 3, represented as the filled orange histogram. The expected distribution using the selection functions and starting from
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correspond to the number of entries or the integral, the mean and standard deviation of V-magnitude distributions respectively.
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distribution of redshifts obtained with the visual procedure with Qvis > 1 is shown as the red histogram. The total number of
galaxies in each sample N is also shown.

contain redshift information derived from this survey. The full table in electronic form will be available from the the
Centre de Données astronomiques de Strasbourg (CDS)*.

The processed, normalized spectra will also be available as a set of plain text (ascii) files. These files are organized
in 14 folders, each corresponding to an observation night. Each line in the spectra text files contains three comma
separated values: the wavelength in angstroms, the flux, and the estimated flux error. Wavelengths with negative flux
errors should be masked. The NCCS_ID in the filename can be used to link the file to the NCCS source. For example,
the NCCS0036126mag1898_33_norm.txt file is the spectrum file for the NCCS source with ID=36126. All NCCS_ID
are zero padded to represent 7 digits after the initial four letters NCCS.

Table 3 shows the first few rows of the full table and a subset of the columns. The columns in the full table are as
follows:

- Column 1, labeled Tile, identifies the observational tile corresponding to the source spectra (See the right panel
of Figure 1).

- Column 2, labeled NCCS_ID, contains the source identification in the original NCSS catalog.

- Columns 3 and 4, labeled RA and Dec, contain the right ascension and declination, copied from the NCCS
catalog.

- Columns 5, 6 (not shown) and 7 (not shown), labeled Vmag, Rmag, Imag, are the source magnitudes in the
V, R and I bands copied from the NCCS catalog.

- Columns 8-10 (not shown), labeled VFWHM, RFWHM and IFWHDM, are the source sizes in arcsec in the
three photometric bands copied from the NCCS catalog.

4 CDS, Strasbourg astronomical Data Center: https://cds.unistra.fr
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- Column 11 (not shown), labeled errVmag, contains the V-band photometric error errVmag, and column 12
(not shown), labeled PESS, corresponds to the extended source score from the NCCS catalog.

- Columns 13 and 14, labeled Zvis and Qvis, contain the redshift determined by the visual method and the
associated quality. Zy;s = 0 corresponds to sources identified as stars. Usable redshift values have quality factors
1 < Quis < 5. Quis < 0 indicates that the visual analysis of the spectrum was unsuccessful.

- Columns 15 and 16, labeled Zeml and SNReml, contain the redshift determined by the semi-automatic method,
using emission line template spectra and the corresponding SNR.

- Columns 17 and 18, labeled Zabs and SNRabs, contain the redshift determined by cross-correlating the spec-
trum with absorption line templates and the associated SNR.

- Columns 19-21, labeled Zauto, Qauto and SNRauto, contain the best estimate of the redshift by the semi-
automatic method, the associated quality factor and SNR. One of the two redshifts Zeml or Zabs have been
selected, according to the SNR value. Note, however, that SNRabs has been rescaled to make the SNR, distri-
bution more similar to the one from the emission line templates. Qauto = 0 indicates that no redshift could be
determined. Each time the quality factor is increased by a step of one from Q.uio = 1 t0 Qauto = 5, 5%—7% of
the objects with the lowest SNR are dropped.

- Column 22, labeled SFauto, provides some more information about Zauto. SF..., = 11,13 indicates that
redshift has been obtained with one of the two emission line templates, while SF,,;, = 16 corresponds to the
QSO/AGN template with broad emission lines. Redshifts obtained from absorption line templates are identified
as SF.uto = 22,24. SF .40 = 35,45 indicates that a redshift has been obtained with both emission and absorption
line templates. The selected redshift is for the emission line template for SF,uto = 35 and for the absorption line
template for SF,ui0 = 45.

- Column 23, labeled Type, is the best guess of the object type, either a star or a galaxy. The field is left blank
if none of the redshift identification methods was successful. Type=STAR indicates that the object is likely to be
a star, based on the visual method and with no reliable redshift from the automatic procedure. If a redshift has
been obtained by either of the two methods, then Type=GALAXY. The two objects identified as QSO/AGN are
tagged with Type=GALAXY/AGN.

5. CLUSTERING ANALYSIS

One way to validate tNCCSz is to analyze the redshift space clustering of our galaxies and compare this with other
surveys since the clustering statistics in different cosmological volumes are expected to be the same. Due to its small
solid angle tNCCSz can add little new to our knowledge of galaxy clustering, but this is not why this survey was made.
The comparison we make is with the Sloan Digital Sky Survey (SDSS). SDSS is chosen because of its similar depth,
excellent control of systematics, and its very large area, which provides a large statistical sample. More specifically,
we compare tNCCSz with mock tNCCSz catalogs derived from the SDSS spectroscopic catalog (Blanton et al. 2017).
The procedure for generating these mocks is described in § 5.1.

The comparisons with SDSS clustering we will make are 1) a qualitative visual comparison, 2) a comparison of
estimators of the 2-point correlation function, and 3) galaxy cluster identification. While the correlation function is
the primary quantity used to characterize galaxy clustering, it is insensitive to non-Gaussianities. Galaxy clustering
is intrinsically non-Gaussian on small scales and, in addition, sample incompleteness can introduce artificial non-
Gaussianities. For example, the inherent limitations on fiber placement by Hydra both is difficult to model (it is not
simply a matter of fiber collisions) and is a potential source of artificial clustering in an incomplete survey since the
spectra not taken were partly driven by this. A visual comparison between tNCCSz and mocks may reveal artifactual
clustering caused by such systematics. Similarly, the properties of 3D concentrations of galaxies is a powerful probe
of non-Gaussianity.

5.1. SDSS extracted Mock Catalogs
While of similar depth, the SDSS and NCCS photometric surveys have significant differences. These include
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Tile NCCS_ID RA Dec Vmag Col6-12 | Zvis Qvis
tile09h36m—+87d06m 19 139.831 86.9996 18.527 e -1 0
tile07h12m~+87d06m 259 102.061 87.0383 15.322 e 0.0529
tile07h12m+87d06m 269 102.089 87.034 17.271 e 0.0531 4
tile08h24m—+87d18m 375 119.297 87.0247 18.768 . 0.1479 1
tile07h12m+87d06m 443 117.087 86.9937 17.638 . 0.0572 3
tile07h12m+87d06m 489 116.6  87.0417 17.975 . -1 0
tile07h12m~+87d06m 532 111.961 87.0558 16.729 . 0 5
tile07h12m~+87d06m 572 112.224 87.0358 17.648 . 0.0533 3

NCCS.ID | Zeml SNReml Zabs SNRabs | Zauto Qauto SNRauto SFauto Type
19 -1 -1 -1 -1 -1 0 -1 0
259 -1 -1 0.0527 3.61982 | 0.0527 5 6.89125 22 GALAXY
269 -1 -1 0.0542 3.32445 | 0.0542 5 6.11282 22 GALAXY
375 0.1768 7.41233 -1 -1 0.1768 5 7.41233 13 GALAXY
443 -1 -1 -1 -1 -1 0 -1 0 GALAXY
489 -1 -1 -1 -1 -1 0 -1 0
532 -1 -1 -1 -1 -1 0 -1 0 STAR
572 0.0528 3.39454  0.052 1.87262 | 0.0528 5 3.39454 35 GALAXY

Table 3. The first few rows from the tNCCSz redshift catalog. Note that the seven columns Rmag, Imag, VFWHM, RFWHM,
IFWHM, errVmag, PESS are not shown, and the table is shown split in two parts, with the first part (top) showing 7 columns,
the first 5 and Zvis, Qvis, while the last 9 columns are shown in the second (bottom) part. The column NCCS_ID is included
in both parts.

e SDSS uses ugriz photometry to select spectroscopic targets while the NCCS measures only V' RI photometry.

e The SDSS main sample is a nearly complete r magnitude limited survey whereas tNCCSz is an incomplete V'
magnitude limited survey.

e The star-galaxy separation is different. SDSS uses a multi-layered approach using magnitudes, light profiles,
model fits in 5 bands. NCCS has a simpler morphological cut in two bands.

e The SDSS survey covers only parts of the sky with low extinction (absorption by Galactic dust) whereas extinction
is large throughout the small tNCCSz survey area. No extinction correction was applied to the V' magnitudes
to select spectroscopic targets for tNCCSz.

We next describe how we have accounted for these difference in order to make “realistic” mock tNCCSz catalogs from
the SDSS catalog.

SDSS mocks are created from the SDSS spectroscopic sample (Blanton et al. 2017) by selecting a set of a 3.5° radius
disks on the sky centered on different directions, (g, dg), on the sky. All objects within the chosen region, identified
as galaxies (type = 3), with a spectroscopic redshift z < 0.5, and with an SDSS g brighter than g < 19.5, are rotated
toward the NCP. A rotational transformation is determined for each disk which rotates the SDSS region to overlap the
tNCCSz disk centered on the NCP, i.e. a transformation which rotates (ag,dp) to § = 90°. Each source is moved to
the NCP region by this transformation. The V' band extinction (Ay) at the rotated position is determined using the
Planck extinction map. An un-extincted V magnitude is computed from the SDSS g magnitude using V' = g — 0.3.
This —0.3 magnitude shift has been estimated using the color transformations of the SDSS photometric bands ® (Jordi
et al. 2006). The un-extincted V is corrected for extinction by subtracting A,. A fraction of the sources are dropped,
taking into account the NCCS selection efficiency (eq. 2) and the fiber assignment efficiency (eq. 3). This catalog of
rotated (o, d)’s and extincted V’s provides a mock catalog of tNCCSz targets. A subset of these targets are selected

5 See http://www.sdss3.org/dr8/algorithms/sdssUBVRITransform.php for SDSS to other photometric system conversion.
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Figure 11. Shown are 17 redshift space projections of pencil beam redshift surveys with geometry of the tNCCSz survey. 16
of these projections are of the SDSS based mocks described in sec. 5.1 and one is of the actual tNCCSz survey. The distance
from the center gives the redshift which extends linearly from z = 0 to z = 0.07 which is the redshift range of the future 21m
survey. The pencil beams are distributed uniformly in angle around the center with no particular order and labeled by letters
a-q. Each point corresponds to one galaxy and the color of the points gives the V magnitude which increases from blue to red
with red corresponding to the survey limit of V' = 19. One can find the label corresponding to the tNCCSz survey somewhere

below.

for the spectroscopic sample using the redshift determination efficiency function of eq. 4 to provide an tNCCSz mock
catalog or “mock”. This procedure was repeated for different values of (g, dg) to provide 16 tNCCSz mocks.

5.2. Visual Comparison

A visual comparison of the SDSS based mock catalogs described above with the tNCCSz is an efficient way to
determine whether there are noticeable differences between SDSS and tNCCSz. We leave it to the reader to make this
determination. In Figure 11 we show a projection in redshift space of 13 mock catalogs and the tNCCSz catalog in a
random order. We would argue that no one projection stands out as being different and therefore our tNCCSz redshift
catalog lies within the sample variance of similarly selected samples of the SDSS redshift catalog.

Figure 11 also shows that within the small volume of the tNCCSz survey there is large variation in the numbers of
galaxies, redshift distribution, and large scale structures. As with all pencil beam redshift surveys the dominant visual
feature are dense clumps of galaxies along the line of sight separated by underdense regions Kaiser & Peacock (1991).
These are the intersection of the pencil beams with walls filaments and voids in the cosmic web.
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5.3. 2-Point correlation function

Another comparison we make with the SDSS mock redshift surveys is the 2-point correlation function as a function
of galaxy separation, £(r). We use standard methodology to compute estimators of £(r) which are described in the
following subsections

5.3.1. Random Catalogs

Estimators of n-point correlation functions (usually) make use of a “random catalog”. These are points given by
a Poisson sampling of the survey volume after taking into account all selection functions and efficiencies. These
points are meant to represent a distribution with no clustering, i.e. zero n-point correlation functions. We have
generated such random tNCCSz galaxy catalogs using the efficiency functions defined in §4.2. We start from the
galaxy luminosity distribution defined as a Schechter function depending on the galaxy absolute V-band magnitude
My with the following parameters (see e.g Brown et al. (2001); Zucca et al. (2009)).

e (LN L L oam—my)
®(L)dL = <L> exp( L*> dL 7 =10 (5)
I a+1 19
O (My)dMy =AD" (L*) exp (_L*> dMy, A =0.41n(10) (6)
®* = 0.0063 Mpc™> M* = —20.5 a = —1.07 (7)

Galaxies in the random catalog are initially uniformly distributed in the 3D space, with the galaxy number count
proportional to the cosmological volume element, computed according to the standard ACDM cosmology with Planck
(Planck Collaboration et al. 2021) parameters. The apparent NCCS magnitude is then computed, applying the distance
modulus, and the Galactic extinction Av, without any k-correction. We then apply the NCCS survey selection efficiency
(eq. 2), dropping a fraction of galaxies. We continue by applying the tNCCSz target selection cuts (13 < Vipae < 19),
followed by the declination dependent fiber assignment efficiency (equation 3). Finally, the galaxies for which we have
a redshift estimates are selected applying the €, (Vinag) defined in equation 4.

As shown in Figure 9, the magnitude distribution of the galaxies in the NCCS catalog, selected requiring PESS > 2
and 6 > 81°, and the one corresponding to the Tianlai-WIYN sample with an estimated redshift agrees quite well with
the magnitude distribution of the random catalog. The total number count for real data and random catalogs agree
within a few percent, after a slight adjustment of the ®* parameter (less than 5%).

5.3.2. Landy-Szalay Estimators

We compute the correlation function (Vargas-Magana et al. 2013) of the tNCCSz catalog using the Landy-Szalay
estimator ELS (dsep) (Landy & Szalay 1993), using the random catalogs generated as described above in section 5.1 to
correct for the different selection effects, including the Galactic absorption. We have also computed the correlation
function éLS(dsep) for the SDSS mocks. Angular position and redshifts are converted into 3D positions using the
standard ACDM cosmology. The auto-correlation function is computed as a normalized galaxy pairs count histogram,
as a function of the pair separation distance in Mpc, for the real data hpp(dsep), and for the corresponding random
catalog hgr(dsep). A cross correlation normalised pair count histogram is also computed for all (data x random) pairs.
The Landy-Szalay auto-correlation function estimator é 15 (dsep) is then computed as:

hpp —2hpr + hrRr
hrr

€Ls (dsep) = (dsep) (8)
which is expected to be zero if the observed structuring is only due to observational biases or selection effects.

The fLs estimators from the tNCCSz catalog are plotted amidst the §Ls estimators from the mock catalogs in
Figure 12. The tNCCSz estimators lie within the distribution of estimators from the mock catalogs. This visual
comparison suggests no anomalous behavior of the tNCCSz catalog when compared with other catalogs.

Also plotted in Figure 12 is the statistical estimator mean and variance from the random catalog should be and
is consistent with zero but only includes the statistical uncertainty from the finite number of galaxies. A much
larger contribution to the variation in these estimators comes from sample variance of large scale structures in this
relatively small and elongated cosmological volume. Large excursions from zero in the tNCCSz éLs are present at
dgep ~ 160, 330 Mpc. Such excursions are expected for pencil beam survey (see Kaiser & Peacock (1991)) because
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Figure 12. Left panel: The curves give Landy-Szalay estimators of the auto-correlation functions, éLs (dsep), as a function
of galaxy pair separation dsep in 7.5 Mpc bins, computed from redshift catalogs as described in § 5.3. The black curve is é(r)
for the tNCCSz redshift survey, the colored curves are for 15 SDSS extracted mocks described in sec. 5.1. Right panel: The
tNCCSz £(r) is plotted in black curve overlayed with the mean and standard deviation of the &(dsep)’s from the random catalog
as gray points with error bars. The latter, which should have no correlation, gives an estimate of the statistical uncertainty
in the &(r) estimators from the finite number of galaxies. A much larger uncertainty comes from sample variance in the large
scales structures in these relatively small cosmological volumes. Sample variance leads to the large spread in é (r) at » < 10 Mpc
as well as the large excursions from zero at r 2 20 Mpc. These excursions should and do differ between pencil beam surveys.

there are a small number of structures (voids, filaments etc.) of size comparable to the width of the survey along the
line-of-sight. Different pencil beams have different structures leading to large excursions at different separations, as
illustrated in this figure.

5.4. 3D distribution

Our redshift catalog is small enough to visualize the redshift distribution of all the galaxies in a few figures. In
Figure 13 we show the redshift space distribution of galaxies in 14 slices of redshift thickness Az = 0.1 spanning
z € [0,0.14]. The galaxies are represented by spheres of radius 1 Mpc. The comoving number density of galaxies with
redshift decreases rapidly due to the magnitude limit of the survey, but not monotonically. There are localized peaks
in the redshift distribution which can also be seen in Figure 11. Pencil beam survey labeled “g” is the tNCCSz survey.
The separation of these overdense regions give the peaks in {1,5(dsep) of Figure 12. Evident structure can be seen down
to the few Mpc scale. Since the clustering of tNCCSz galaxies lies visually and quantitatively within the range of the
clustering of SDSS we believe these structures are not artifacts of incompleteness.

5.5. Clusters

Despite the sparse sampling of our redshift catalog we have attempted to detect galaxy clusters using a simple Friends
of Friends (FoF) cluster finder algorithm (Huchra & Geller (1982); Tempel et al. (2016)). We allow a maximum redshift
difference 6z = 0.005 (= 1500km/s) and a transverse distance of d; = 0.5 Mpc for cluster members. We require a

minimum number of cluster members of Niﬁ = 3 for cluster detection; this threshold increases to Nrgnﬂ] = 4 for
0.03 < z < 0.06 and N2 = 5 for z < 0.03.

We identified 11 clusters in the tNCCSz sample with the corresponding parameters listed in the Table 4. Two of
these 11 likely galaxy clusters have a more compact core, and are also detected with d; = 0.35Mpc. The cluster
position and redshift are computed as the average of the corresponding quantities for member galaxies. The positions
of these galaxy clusters amidst the galaxies are shown in Figure 14. The only parameter characterizing the cluster is
Nga1, which corresponds to the number of galaxies grouped together. We have estimated sizes for the clusters using
the tNCCSz redshift catalog, which corresponds to the average 3D comoving distance of member galaxies with respect
to the estimated cluster position. A too large value of the cluster size included in the Table 4 is a hint of an unreliable
cluster. Note, however, that the galaxy 3D positions have an error of a few Mpc, due to the redshift uncertainties
(0z ~ 5 x 10~* — 2Mpc).
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Figure 13. Shown are 14 redshift space boxes with height Az = 0.01 and width large enough to include all target galaxies
in the survey. Within each box all of the tNCCSz galaxies with measured redshifts (Q > 1) are represented as by a sphere
of diameter 1 Mpc. The redshifts are labeled on the vertical axis. The distance scale, say the distance between two galaxies
in Mpc, can be gauged visually by the number of spheres that fit between the two galaxy spheres. The box width and depth
increases proportional to the redshift while the box height is the same for all boxes. Even though the box volumes increases
rapidly with redshift the number of galaxies in the boxes decreases because at large distances fewer galaxies are bright enough
to make it into our survey.

To check the validity of our FoF cluster finder and quantify roughly our cluster sample purity, we detected clusters
on 14 SDSS extracted mocks, half near § = 50°, and the other half centered at § = 25°. We have found an average
of (Newus) > 14 per extracted mock, with a rather large dispersion as expected for pencil beam surveys. This number
decreases to about (Ngus) ~ 8 for d; = 0.35Mpec. About 75% of all detected clusters have a redshift z < 0.073,
corresponding to the volume limited published cluster catalog (Tempel et al. 2014), used as a reference or truth
catalog. We cross matched each of our cluster catalog detected on SDSS mocks with the above mentioned reference
catalog, and we have a matching fraction ~ 85% among the clusters in the redshift range covered by the reference
catalog. The matching fraction drops to less than 10% if the extracted reference cluster catalogs are shuffled. As
expected, the Tempel et al. (2014) catalog is richer than the list of clusters detected on SDSS extracted mocks and
includes groups with only two galaxy members. Requiring minimal number of associated galaxies (Nga1) as for the



21

0.10 0.05

0.15

Figure 14. Shown is the full galaxy redshift survey with the positions of 11 galaxy clusters identified in Table 4. The galaxy
positions are represented as 2 Mpc diameter spheres and the cluster positions as 10 Mpc 3D crosses in red. These markers are
of course much larger than the objects they represent. Only the redshift direction is labeled.

tNCCSz clusters, the average number of clusters found in the Tempel et al. (2014) catalog for each mock <N§E§lpel> ~ 27
is about twice the number of clusters identified by us in SDSS mocks.

Clusld RA (deg) | Dec (deg) | Redshift | Nga | Size (Mpc) | Core-NGal
CL-NCCS-W-1 313.409 87.6539 0.01894 5 1.2 -
CL-NCCS-W-2 274.171 87.7034 0.01922 5 1.15 -
CL-NCCS-W-3 174.534 88.255 0.05278 5 3.9 -
CL-NCCS-W-4 54.0181 88.9466 0.05354 5 2.8 -
CL-NCCS-W-5 250.655 87.6105 | 0.054675 4 1.1 -
CL-NCCS-W-6 251.414 88.6894 0.06395 4 4.2 -
CL-NCCS-W-7 331.568 88.6983 0.06466 3 1.9 -
CL-NCCS-W-8 263.056 87.9489 0.06548 5 0.85 4
CL-NCCS-W-9 212.681 87.0845 0.0843 3 0.65 3
CL-NCCS-W-10 | 83.1438 87.2961 0.09256 3 4.6 -
CL-NCCS-W-11 | 222.246 86.7443 0.13726 3 4.8 -

Table 4. List of clusters detected in the tNCCSz redshift catalog. The cluster angular position (¢, d) in degrees is given in
the two columns labeled RA and Dec, followed by the redshift and the number of galaxies associated to the cluster candidate
in the next two columns. The column labeled Size correspond to the average of the member galaxy distances to their mean,
taken as the cluster center. The last column gives the number of galaxies contained in the cluster core, for compact clusters,
detected with a transverse separation distance d; = 0.35Mpc. Large size values hints toward unreliable cluster candidates
(CL-NCCS-W-3 , 6, 10, 11).

5.6. HI mass fraction

The motivation for this survey was to localize the HI in a survey volume of ~ 3° around the NCP out to z ~ 0.07.
This volume will be surveyed for 21,cm emission by the Tianlai Dish Array described in Wu et al. (2021). We have
accomplished this localization in 3D with this optical redshift survey of galaxies, all of which will contain some HI. We
have only determined the redshifts of a fraction of bright galaxies, those with V' < 19. Due to the high extinction near
the NCP this corresponds to an extincted magnitude limit of V' < 18. Such bright galaxies contain only a fraction of
the HI. Thus, this survey only directly localizes a tracer of the total HI content of the survey volume. However, since
the spatial distribution of this tracer will be strongly correlated that of the remainder of the HI containing galaxies
we have, in a statistical sense, also indirectly localized all of the HI in the survey volume.

We can estimate the fraction of HI contained in the sample of galaxies for which we have obtained redshifts (tNCCSz)
by estimating the HI mass in each of these galaxies. Although we have no direct measurement of the HI content in any
of our galaxies, we can use the ALFALFA survey Haynes et al. (2011) to find similar galaxies for which the HI mass
has been measured. Specifically, for each of the tNCCSz galaxies (Qauto > 2) we correct the apparent VRI magnitudes
for extinction and use the measured redshift (zauto) to determine their absolute VRI magnitudes. We then find the
ALFALFA survey galaxy which is closest in absolute VRI space and assign the mass of that ALFALFA galaxy to the
tNCCSz galaxy. This procedure gives a rough estimate of the HI mass that might be expected in the tNCCSz galaxy.
We compare the estimated HI masses of the galaxies for which we have determined redshifts with the mean HI density
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Figure 15. In this figure we plot the cumulative neutral hydrogen (HI) mass with redshift, i.e. the mass of HI with redshift less
than z in the survey area on the sky, § < 87°. The green curve gives this cumulative distribution if all of the HI were spread out
uniformly (see Hu et al. (2019)). The blue dots are rough estimates for the HI in the galaxies of the tNCCSz survey, with each
dot representing the addition of a tNCCSz galaxy. The raggedness of this curve is real, representing the large inhomogeneities
as a function of z expected for pencil beam surveys (see Kaiser & Peacock (1991)). The same inhomogeneities should be present
in the full distribution of HI including HI in galaxies not included in tNCCSz.

of the universe at low redshifts. This is estimated by Hu et al. (2019) to be Qgr = 0.0004 or pgr = 4.5 x 107 M@/Mpc3.
In Figure 15 we plot the cumulative HI mass in our survey volume as a function of redshift using 1) the estimated
masses of the tNCCSz galaxies with measured redshifts, and 2) a uniform pyy density. The ratio of the two is a rough
estimate of the fraction of HI contained in these galaxies. This ratio varies from ~ 0.5 at the lowest z to ~ 0.01 at
z ~ 0.07. This HI incompleteness is a function of both the galaxy redshift incompleteness at the magnitude limit and
the magnitude limit itself - a deeper, more complete survey is better. Nevertheless, the HI which we have localized
provides a good template for all the HI in the survey volume. This will be used to compare with future measurements
by the Tianlai Dish Array survey described in Perdereau et al. (2022).

6. SUMMARY

In this paper we have presented the results of a redshift survey of galaxies with my < 19 (including extinction)
within ~ 3° of the North Celestial Pole (NCP) based on a published photometric catalog (Gorbikov & Brosch 2014).
Because of the proximity to the Galactic Plane, high extinction and difficulties associated with observations very near
to the celestial poles no redshift survey of this region had been attempted until now. The motivation for this survey
is to compare a future 21 cm (radio) redshift survey by the Tianlai project with an optical redshift survey. The non-
tracking transit radio telescope can obtain the deepest exposure in a given amount of observation time at the NCP.
Hence the NCP has advantages for radio observations even though it is not ideal for extra-Galactic optical astronomy.

Out of 2102 potential targets we have only obtained 787 redshifts for a variety of reasons. We have shown that the
clustering properties of our survey is compatible with that found in SDSS after adjusting for different incompleteness.

Our overall goal is to develop the technique of hydrogen intensity mapping (HIM). It is expected that HIM will be
able map cosmological large scale structure traced by galaxies back to the epoch of reionization and the large scale
structure traced by gas even beyond the epoch of reionization, into the dark ages.

Several surveys observe the NCP region for the same reason the Tianlai project does — to obtain long, continuous
observations of a limited region of the sky. Other HIM programs observe the NCP region, but to our knowledge only



23

the Tianlai arrays can currently be tuned to overlap the redshift range of the galaxy redshift survey described here.
However, this survey may also be useful for finding optical counterparts for transient radio phenomena, such as Fast
Radio Bursts (FRBs). Several such radio transient surveys observe the NCP: the LOFAR Multifrequency Snapshot
Sky Survey (MSSS) (Stewart et al. 2016), the CHIME/FRB project (CHIME/FRB Collaboration et al. 2021).
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APPENDIX

A. ADDITIONAL SPECTRA MEASUREMENTS

During the first WIYN HYDRA observing night, on Feb. 1 2020, we did not apply the V magnitude selection
V < 18.995 that was subsequently used to build the tNCCSz sample. As a result, 208 spectra were recorded for
NCCS objects with V' > 18.995. We subjected these spectra to the semi-automatic redshift reconstruction procedure
described in Section 3.3.2.

For completeness we include these spectra and results in this data release. From these 206 spectra, we reconstructed
48 emission line based redshifts and 33 absorption line based ones. We show in Figure 16 the redhift distributions and
SNR. for these two samples. As expected from the lower photometric magnitudes of these objects, the redshifts we
reconstruct are higher than those in the tNCCSz catalog. While some high SNR spectra have been found, in general
the SNR we reconstruct are lower than those observed in the tNCCSz catalog for the same reason.
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