
Naval Research Laboratory
Washington, DC 75-5 AD-A277 705 __

1 IIIII•III •I I• ul tl~ III~lNRL/MR/7621--94-7439

Catalog and Atlas from a Sensitive
1.5 GHz Radio Survey Around the
North Ecliptic Pole

P. L. HERTZ

X-Ray Astronomy Branch
Space Science Division

R. I. KOLLGAARD

M. M. CHESTER

E. D. FEIGELSON

Dept. of Astronomy and Astrophysics
Pennsylvania State University
University Park, PA

W. BRINKMANN

Max-Planck-Institut fir Extraterrestrische Physik D T 17(C
Garching, Germany F ', F

P. REICH

R. WIELEBINSKI

Max-Planck-Institutfiir Radioastronomie
Bonn, Germany

94-09976
February 28, 1994 11)1111113 1111111111 IN11 1111111 l)il

Approved for public release; distribution unlimited.

94 4 1 058



REPORT DOCUMENTATION PAGE TYP AND D COVERED
PuIm€ raso btrden for this cc~ection of informatio a estimated to *veins I houir pe response. wickidig &vs time fr revevwing insmtructon, NwaCh'in emwvl dot soionm.
gatherin and miatmingm the dots -inded and copeting an reviewing the ceohection of infomato. Send comet regarding this lpwden ontimet or any other asec of this
coaectian of information. micudmin ouggiinitong far' reucq Othi Wldon, to Wol~mton Headquatuerts Services, Directorate for Informatin Opore~twe " fepnd 4e. 1216 Jolfterc
Davis Higtwoy, State 1204, Arlington. VA 22202-4302. and to the Office of Manageme nt "u B~. Papewok Fieduti~on Protect 10704-0188). Washi#ton. DC 20603.

1. AGENCY USE ONLY (Lesave Man*) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED

4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
V

Catalog and Atlas from a Sensitive 1.5 GHz Radio Survey Around the North Ecliptic Pole

6. AUTHORIS)

P. L. Hertz, R. I. KoUgaard,* M. M. Chester,* E. D. Feigelson,' W. Brinkmann,**
P. Reich,*** and R. Wielebinski***

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESSIES) 8. PERFORMING ORGANIZATION

REPORT NUMBER
Naval Research Laboratory
Washington, DC 20375-5320 NRL/MR/7621-94-7439

9. SPONSORING/MONITORING AGENCY NAMEIS) AND ADDRESS(ES) 10. SPONSORING/MONITORING

AGENCY REPORT NUMBER
Office of Naval Research
800 N Quincy Street
Arlington, VA 22217-5660

11. SUPPLEMENTARY NOTES

*Dept. of Astronomy and Astrophysics, Pennsylvania State Univ., University Park, PA
"**Max-Planck-lnstitut fur Extraterrestrische Physik, Garching, Germany

"***Max-Planck-lnstitut fur Radioastronomie, Bonn, Germany

12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Approved for public release; distribution unlimited.

13. ABSTRACT (M.ximum 200 words)

A 29.3 square degree region surrounding the North Ecliptic Pole (NEP) is mapped with the Very Large Array (VLA) at 1.5 GHz
to support the deepest portion of the ROSAT all-sky soft X-ray surve',. A total of 114 fields were mapped, and radio sources with
peak brightnesses exceeding - 6 times the field's root-mean-square noise were identified. The resulting VLA-NEP survey catalog
contains 2435 radio sources with flux densities in the range of 0.3 - 1000 mJy, including over 200 fainter than 1 miy. We present
here (1) the VLA-NEP survey catalog, (2) suggested counterparts for - 18% of the VLA-NEP objects, and (3) an atlas of all 114
survey fields with catalogued sources indicated. In an Appendix we present initial scientific analysis of the VLA-NEP survey. The
catalog and related tables are available electronically.

14. SUBJECT TERMS 15. NUMBER OF PAGES

Radio frequency Radio sources Surveys 174
Interferometry Catalogs X-ray sources 16. PRICE CODE

Astronomy Radio continuum

17. SECURITY CLASSIFICATION 1B. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT

UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED UL

NSN 7540-01-280-5600 Standard Form 298 FIv. 2-891

Proscrbed by ANSI Std 239-18

298-102



CONTENTS

INT RO D UCT IO N ................................................................ 1

O BSERVATIO N S ... ............................................................. 2

THE VLA-NEP CATALOG ....................................................... 4

TIlE VLA-NEP ATLAS .......................................................... 6

DATA PRODUCTS ............................................................... 6

ACKNOW LEDGEM ENTS ........................................................ 6

REFERENCES ................................................................. 145

APPENDIX: A Sensitive 1.5 GLIz Radio Survey around the North Ecliptic Pole .. 149

TABLES

TABLE 1: VLA-NEP Survey Field Parameters .................................... 7

TABLE 2: VLA-NEP Source Catalog ............................................. 10

TABLE 3: VLA-NEP Sources with Possible Identifications ........................ 76

FIGURES

FIGURE 1: VLA-NEP Survey Field Locations ..................................... 3

FIGURE 2: VLA-NEP Survey Field Atlas ........................................ 88
Accesion For

NTIS CRA&I

DTIC TAB
Unannounced 5l

Justification

By
Distribution /

Availability Codes

Avail and/orDist Special

iNow



CATALOG AND ATLAS FROM A SENSITIVE 1.5 GHz RADIO SURVEY
AROUND THE NORTH ECLIPTIC POLE

INTRODUCTION

The correlation of deep multifrequency surveys is useful in studying the relative
populations and cosmic evolution of various classes of extragalactic objects (e.g., active
galactic nuclei, starburst galaxies) and other aspects of observational cosmology, such as
galaxy clustering and the origin of the X-ray background. The North Ecliptic Pole (NEP),
located at c = 1 8 h 0 0 m and 8 = 66°30', is a region of special importance for such studies. All-
sky surveys from satellites often scan great circles perpendicular to the Earth's orbit in order
to keep the solar panels facing the sun, resulting in sensitive coverage of the ecliptic poles.
Our survey was motivated by the very deep coverage obtained by ROSAT (Triimper 1983;
Voges 1992) but is also useful for comparison with other satellite based surveys. The NEP
region has been previously studied with radio surveys using the Green Bank 91-m telescope
at 1.4 GHz (Condon & Broderick 1985, 1986; White & Becker 1992) and at 5 GHz (Becker,
White, & Edwards 1991; Gregory & Condon 1991) and the Effelsberg 100-m telescope at
2.7 GHz (Loiseau et al. 1988). Very Large Array and Ryle Telescope observations have been
made of sources selected from the 38 MHz 8C survey (Rees 1990; Lacy, Rawlings, & Warner
1992).

We present here radio observations obtained of the North Ecliptic Pole region with the
NRAOI Very Large Array (VLA) radio telescope (hereafter the VLA-NEP survey) that are
10 - 100 times deeper than these previous surveys. This survey was undertaken with the
specific goal of correlating faint radio sources with faint X-ray sources observed in the recent
ROSAT all-sky survey (Voges 1993; Brinkmann 1993). We observed 114 fields covering
29.3 square degrees within - 3 degrees of the NEP. We have cataloged 2435 sources, with

'The National Radio Astronomy Observatory is operated by Associated Universities, Inc.,
under cooperative agreement with the National Science Foundation.
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about 9% fainter than 1 mJy. The 114 fields do not have uniform sensitivities (fields closer

to the NEP were observed longer to match the increased sensitivity of ROSAT), and the
sensitivity varies considerably across each field, but no biases have been introduced. The

resulting catalog should be representative of the faint radio source population about the

NEP.

OBSERVATIONS

Observations of the NEP were made on 31 December 1990 and 2 January 1991 with the

C-configuration of the VLA. Details of the observations and the data analysis are given in

the Appendix, and we briefly summarize them here.

Pointings were made of 113 fields around the NEP, each separated by 30', plus one

calibration field 3.60 from the NEP. Typically three short exposure "snapshots" of 8-minutes

each were made for each of the 28 fields centered within 1.50 of the NEP, while two 4-

minute observations were made of the 85 fields centered between 1.50 - 3.00 of the NEP.

The nominal resolution of these observations is 20". In total, 29.3 square degrees were
surveyed. Figure 1 presents a schematic of the regions about the NEP covered by each field
and shows the corresponding numerical designation adopted for each field. Table 1 presents
the observational parameters for each of the 114 fields observed. The columns in Table 1 list:

(1) the field designation; (2)-(3) the coordinates of the field center at epoch J2000; (4) o0,,,,

the root-mean-square noise level at the field center in mJy; (5) the minimum signal-to-noise
ratio required for source detection; and (6) the major axis, minor axis, and position angle,
respectively, of the restoring beam. The elements in columns (4)-(6) are described below

and in the Appendix.

Calibration, mapping, and flux measurement operations were performed using tasks in
NRAO's Astronomical Image Processing System (AIPS). Fourier transforms of the data were

made, and the resulting maps were averaged in the image plane. The root-mean-square noise
of each field (or,,) was measured over a central region, avoiding bright sources. Each field
was searched for sources with peak fluxes exceeding 6 x o,. In some fields the minimum

flux density was increased to 7-8 x orm. due to systematic errors in the image. Peak and total
flux densities were measured for every source which exceeded the minimum signal-to-noise
ratio for that field.

The flux densities measured from images produced by a synthesis array require

corrections. We have corrected the measured peak flux densities for each source in the VLA-
NEP catalog for (i) the primary beam response of the antenna elements and (ii) chromatic
aberration due to the finite bandwidth, and we have corrected tb, measured total flux
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Figure 1 -- (Top) The location of fields imaged around the North Ecliptic Pole (NEP). The

two darkened regions are areas that were not imaged because of mispointed fields. The field

around the calibrator 1748+700 is included with the 113 fields centered within 3* of the

NEP. (Bottom) The numerical designations for the 114 fields.
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densities just for the primary beam response. Uncertainties in the corrected peak and total
flux densities were estimated from the quadratic sums of several terms. These terms included
(i) statistical error from the root-mean-square noise level, (ii) uncertainties in the calibration
and flux measurement process, (iii) pointing errors in the antenna elements, (iv) uncertainty

in the primary beam correction, (v) uncertauty in the bandwidth smearing correction,
and (vi) uncertainties due to map artifacts. All of these corrections and uncertainties are
described in detail in the Appendix.

The positions measured from synthesis array images likewise require corrections for
instrumental effects. The raw map must be expanded by a small factor to recov.7r true

positions. Positional uncertainties were taken to be the quadratic sum of two terms:
(i) statistical uncertainty from the finite signal-to-noise ratio of the source, and (ii) systematic

residual uncertainty from the application of the radial expansion. These corrections and

uncertainties are also discussed in the Appendix.

THE VLA-NEP CATALOG

Table 2 gives the resulting VLA-NEP source catalog. The columns list: (1) the source

name at epoch J2000; (2) the field designation where the source is best detected; (3)-(8) the
corrected source position at epoch J2000; (9) A(position), the positional uncertaintity in
arcseconds; (10) p, the distance of the source from the field center in arcminutes; (11) Stotah

the corrected integrated flux density in mJy; (12) AStot.1, the error in the integrated flux
density; (13) SpeJk, the corrected peak flux density in mJy; (14) ASpe.j, the error in the

peak flux density; and (15) St the signal-to-noise of the detection. Fully resolved
double sources with bright lobes have been included as two catalog entries, with the total
flux being that for the entire object.

The last column of Table 2 contains additional notes where (ID) denotes possible
identification with an object from another survey (see Table 3 and below), (S) indicates
a source which is suspect because it lies on an image processing artifact, (D) is a double
source, either a blend of two comparable sources or two resolved peaks with a common
envelope, and (E) is an extended source, either an elongated source or an object with
an asymmetric or complex shape. In addition (D?) and (E?) indicate possible doubles
and extended sources whose features appear at less than 8 x o=.. Also included is the
angular separation (in arcminutes) between the peaks of double sources, the angular size (in
arcminutes) of extended sources measured from the peak to the most distant feature minus a
slight resolution correction, and the position angle (in degrees) measured from the brightest
peak. We identified 124 double sources and 174 extended objects; they range in size from
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0.1' - 2.2' with 70% of the doubles and 60% of the extended sources larger than 0.5'. There
are 45 double sources where we have have both peaks listed individually in the catalog;
in these cases the second peak is indicated in the last coulumn of Table 2 by the symbol
">". Contour images of 54 sources with interesting structure are included in the Appendix
(Figure A4), and these sources are indicated in Table 2 with the (F) identifier. With the
exception of 11 sources, the position of each source is indicated in the atlas (Figure 2); the
sources missing from the atlas are indicated in Table 2 with (X).

The VLA-NEP source catalog was compared with four previous radio surveys which
cover all or part of the VLA-NEP survey area. These include the 1.4 GClz Green Bank
survey (White & Becker 1992), the 5 GHz Green Ba-k survey (Becker et al. 1991), the 1.5
and 5 GHz VLA and Ryle Telescope observations of the 38 GHz 8C survey (Lacy et al.
1992), and the 2.7 GHz Effelsberg survey (Loiseau et al. 1988). The details of determining
positional coincidence are given in the Appendix. VLA-NEP counterparts were found for all
of the 1.4 GHz Green Bank sources, and approximately 90% of the sources from the other
three surveys. The comparison with the 5 GHz Green Bank and 8C catalogs found relatively
few with more than one VLA-NEP counterpart within the search radius, however 36% of
the 2.7 GHz Effelsberg and 78% of the 1.4 GHz Greenbank sources have multiple VLA-NEP
counterparts. Where the identification of a VLA-NEP source is not likely to be subject to
confusion (> 80% of the flux arising from a single VLA-NEP object), we have determined
spectral indices between the VLA-NEP flux densities and the 2.7 GHz and 5 GHz catalogs.

In addition to radio surveys, the VLA-NEP catalog was compared to catalogs
of extragalactic objects listed in the NASA Extragalactic Database (NED). We found
42 galaxies (most brighter than 15 magnitudes) and 27 IRAS sources with VLA-NEP
counterparts. VLA-NEP counterparts were also found for the galaxy cluster Abell 2280,
the planetary nebula NGC 6543, and the supernova SN 1989P, although the latter is most
likely a chance coincidence from the large search radius adopted.

The results of these tentative source identifications are listed in Table 3. For each source
listed in Table 2 with an "ID" note the columns show: (1) the VLA-NEP source name; (2) the
VLA-NEP corrected total flux density in mJy; (3) the name of any 5 GHz counterpart from
Becker et al. (1991) along with the cataloged flux density in mJy; (4) the name of any 2.7 GHz
Effelsberg counterpart from Loiseau et al. (1992) along with the cataloged flux density in
mJy; (5) the name of any 1.4 GHz counterpart from White & Becker (1992) along with the
cataloged flux density in mJy; (6) the name of any 8C counterpart from Lacy et al. (1992);
(7) the name of any NED counterpart that is not from the four previous radio surveys with a
visual magnitude, if available from NED; (8) the spectral index between 1.5 GHz and 5 GHz;
(9) the spectral index between 1.5 GHz and 2.7 GHz; and (10) a reference for sources with
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information from NED.

THE VLA-NEP ATLAS

An atlas of contour maps of the 114 fields included in the VLA-NEP survey, and listed
in Table 1, are presented in Figure 2. Each contour map shows the central 42.7' x 42.7'
region of the field. The image is a 512 x 512 pixel array, with each pixel being 5" square.
Contour levels are scaled to the root-mean-square noise oa,, of the field. Contours are set at
±3.5, 6, 18, 54, ... times o,,, where the progression is logarithmic with succeeding contour
levels at 3 times the flux of the previous level.

All sources from the VLA-NEP catalog (Table 2) which fall within a field are indicated
on the contour map by a cross. A large cross indicates a source whose position was taken from
this field. Small crosses are sources whose positions are taken from neighboring, overlapping
fields. These are the raw, uncorrected positions. The offset of small crosses from contour
centers is an indication of the difference in uncorrected positions from one field to another.
Accurate positions should be taken from the VLA-NEP catalog (Table 2).

DATA PRODUCTS

Tables 1, 2, and 3 (total size 0.5 MByte) are available electronically from R. I. Kollgaard
(rik@astro.psu.edu) or P. Hertz (hertzOxip.nrl.navy.mil). Other means of transport can
also be arranged. Also available is a FORTRAN program giving the flux sensitivity at any
location in the survey region. This gives upper limits to any radio source, taking into account
the variations in sensitivity due to different exposure times and primary beam attenuation.
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TABLE 1
VLA-NEP Survey Field Parameters

Field a O arms SNR Beam
Name (J2000) (mJy) ( - )

(L1) (2) (3) (4) (5) (6)

FOO 172954.0 663000 0.141 6.0 4925 -53
F002 173155.0 670000 0.128 6.0 4926 -51
F003 173258.0 660000 0.068 8.0 2518 -60
F004 173355.0 673000 0.134 6.0 4928 -50
F005 17 3455.0 663000 0.083 6.0 4925 -52
F006 173555.0 653000 0.112 8.0 2217 -69
F007 173610.0 680000 0.105 6.0 5813 -0
F008 1737 02.0 670000 0.092 7.0 4924 -53
F009 17 3753.0 660000 0.054 6.0 23 18 -58
FOlO 17 3808.0 683000 0.072 6.0 42 16 -4
F011 173842.0 650000 0.062 6.0 2217 -69
F012 173908.0 673000 0.199 6.0 5237 -47
F013 173956.0 663000 0.103 8.0 2518 -59
F014 174031.0 690000 0.072 6.0 3417 3
F015 174044.0 653000 0.063 8.0 2217 -68
F016 174124.0 643000 0.051 6.0 1917 -77
F017 1741 30.0 680000 0.092 6.0 65 14 4
F018 174209.0 670000 0.099 9.0 2319 -56
F019 174248.0 660000 0.044 7.0 2518 -61
F020 174326.0 650000 0.054 6.0 22 17 -70
F021 174336.0 683000 0.067 6.0 5114 7
F022 174401.0 640000 0.059 7.0 1916 -78
F023 174421.0 673000 0.187 7.0 3431 -45
F024 174457.0 663000 0.086 7.5 28 18 -21
F025 174533.0 653000 0.183 7.0 2217 -69
F026 174603.0 643000 0.087 6.0 22 15 -25
F027 174605.0 690000 0.101 7.7 3018 2
F028 174650.0 680000 0.052 7.0 14 14 -43
F029 174716.0 670000 0.226 6.0 3218 -13
F030 174743.0 660000 0.080 6.0 2417 -27
F031 174810.0 650000 0.066 6.0 2415 -22
F032 174832.8 700551 0.070 6.0 2119 -36
F033 174835.0 640000 0.050 6.0 1916 -86
F034 174904.0 683000 0.112 6.0 4315 -6
F035 174934.0 673000 0.058 6.0 30 18 -16
F036 174958.0 663000 0.073 7.5 25 18 -24
F037 17 5022.0 653000 0.076 6.0 25 17 -23
F038 17 5042.0 643000 0.081 6.0 2516 -21
F039 175139.0 690000 0.070 7.0 2719 -13
F040 175210.0 680000 0.079 6.0 1514 -41
F041 17 5223.0 670000 0.067 6.0 17 16 -36
F042 17 5238.0 660000 0.078 6.0 2220 -52
F043 17 5254.0 650000 0.068 6.0 2115 -25
F044 175309.0 640000 0.047 6.0 1916 -2
F045 17 5432.0 683000 0.132 6.0 50 15 -1
F046 175447.0 673000 0.068 7.0 1616 -42
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Field a 8 -- am's SNR Beam
F047 17 5459.0 66 5000 0.093 6.0 23 21 -49
F048 175500.0 643000 0.080 6.0 2418 -63
F049 175511.0 653000 0.060 6.0 1917 -30
F050 175713.0 690000 0.098 6.0 3017 -18
F051 175730.0 670000 0.085 6.0 1816 -30
F052 175730.0 680000 0.053 6.0 1514 -40
F053 17 57 33.0 660000 0.052 6.0 22 20 -52
F054 175738.0 650000 0.075 6.0 2320 -12
F055 175743.0 640000 0.066 6.0 2318 -62
F056 180000.0 643000 0.044 7.0 21 17 -73
F057 180000.0 653000 0.070 6.0 1917 -23
F058 180000.0 663000 0.074 7.0 2018 -55
F059 180000.0 673000 0.051 6.0 1817 -33
F060 180000.0 683000 0.102 6.0 3419 -10
F061 180217.0 640000 0.079 6.0 2518 -64
F062 180222.0 650000 0.083 6.0 2320 -11
F063 180228.0 660000 0.084 6.0 21 17 -25
F064 180237.0 670000 0.056 6.0 2217 -23
F065 180237.0 690000 0.156 7.3 2719 -20
F066 180250.0 680000 0.056 7.0 3217 -13
F067 180439.0 645000 0.052 6.0 2217 -70
F068 180449.0 653000 0.039 6.0 1716 -39
F069 180501.0 663000 0.079 6.0 2217 -23
F070 180513.0 673000 0.048 6.0 23 18 -18
F071 180528.0 683000 0.110 7.0 3023 7
F072 180651.0 640000 0.056 6.0 2518 -67
F073 180706.0 650000 0.064 6.0 2221 -8
F074 180723.0 660000 0.041 6.0 1716 -38
F075 180744.0 670000 0.059 6.0 3117 -8
F076 180810.0 680000 0.062 6.0 3017 -15
F077 180821.0 690000 0.131 6.0 3018 -16
F078 180918.0 643000 0.101 6.0 3118 -15
F079 180938.0 653000 0.033 6.0 1716 -37
F080 18 1002.0 663000 0.048 6.0 2317 -19
F081 181026.0 673000 0.057 7.0 2319 -16
F082 181056.0 683000 0.150 7.0 3019 -16
F083 181125.0 640000 0.090 7.0 3419 -12
F084 18 11 50.0 650000 0.081 6.0 15 14 -6
F085 181218.0 660000 0.038 8.0 2017 -26
F086 181251.0 670000 0.079 6.0 2218 -22
F087 181355.0 690000 0.082 6.0 3017 -35
F088 181357.0 643000 0.093 6.0 3318 -14
F089 181408.0 680000 0.128 6.0 2817 -16
F090 18 1427.0 65 3000 0.053 6.0 15 14 -38
F091 181503.0 663000 0.059 6.0 2515 -. 1
F092 181539.0 673000 0.089 6.0 3217 -13
F093 181559.0 640000 0.071 6.0 3618 -12
F094 181624.0 683000 0.153 6.0 3017 -33
F095 18 1634.0 650000 0.054 6.0 1614 -6
F096 181713.0 660000 0.122 6.0 1715 -37
F097 18 17 58.0 67 0000 0.134 6.0 32 18 -6
F098 181836.0 643000 0.093 6.0 3718 -12
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Field a 5 a- iqtn SNR Beam
F099 181850.0 680000 0.094 6.0 31 17 -15
F100 181916.0 653000 0.097 6.0 1514 0
F101 181929.0 690000 0.161 8.0 2917 -33
F102 18 20 04.0 66 3000 0.069 6.0 24 14 -22
F103 182052.0 673000 0.119 6.0 3517 -10
F104 182118.0 650000 0.093 7.5 1614 -1
F105 182152.0 683000 0.106 6.0 2622 -18
F106 182208.0 660000 0.101 6.0 1514 -40
F107 182305.0 670000 0.091 6.0 4017 -5
F108 182405.0 653000 0.074 6.0 17 15 6
F109 182410.0 680000 0.129 7.0 2420 -30
F1 I0 182505.0 663000 0.063 6.0 2416 -22
Fill 182605.0 673000 0.103 6.0 2719 -9
F112 182703.0 660000 0.153 7.0 2315 -22
F113 182812.0 670000 0.097 6.0 2919 -2
F114 183006.0 663000 0.052 6.0 2415 -21

NOTES. -- Amplitude self calibration was used in the following fields: F006,
F029, F032, F037, F049, F057, F058, F065, F070, F086, F089, F097, F101, F105,
F107, F109. F018: image shifted to include bright source, 2.3' on western edge

not searched; F041: image shifted, 4.6' on eastern side not searched; F051:
image shifted, 1.8' on northern edge not searched, arms = 0.135 mJy within 15'

of the bright source VLA-NEP 1758.6+6637; F058: arms = 0.121 mJy within 10'

of VLA-NEP 1758.6+6637.
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APPENDIX

A SENSITIVE 1.5 GHz RADIO SURVEY
AROUND THE NORTH ECLIPTIC POLE

Ronald I. Kollgaard, Wolfgang Brinkmann, Margaret McMath Chester, Eric D. Feigelson,

Paul Hertz, Patricia Reich, & Richard Wielebinski

To appear in The Astrophysical Journal Supplement Series

Abstract

A 29.3 square degree region surrounding the North Ecliptic Pole (NEP; a = 18h00-,
S= ±-66030') was mapped with the Very Large Array at 1.5 0Hz to support the deepest

portion of the ROSAT all-sky soft X-ray survey. The resulting VLA-NEP survey catalog
contains 2435 radio sources with flux densities in the range of 0.3 - 1000 mJy, including over
200 fainter than 1 mJy. The 28 fields of the inner 1.50 have noise levels 0 : 60pJy, and the
85 fields centered between 1.50 - 3.0 from the NEP have a = 120#3y. The typical spatial

resolution is 20" HPBW, and most positions are accurate to < 2". Approximately 6% of
the sources are found to be extended with size > 30". We have compared the VLA-NEP
catalog with four other radio catalogs made at lower resolution, as well as with the NASA
Extragalactic Database, and find counterparts for - 18% of the VLA-NEP objects. The
normalized, differential radio source count is in agreement with previous studies. Between 1
- 150 mJy the slope of the logN-logS relation is 0.68 ± 0.03.

Al Introduction

The correlation of deep multifrequency surveys is useful in studying the relative
populations and cosmic evolution of various classes of extragalactic objects (e.g., active
galactic nuclei, starburst galaxies) and other aspects of observational cosmology, such as
galaxy clustering and the origin of the X-ray background. The North Ecliptic Pole (NEP),
located at a = 1 8 h0 00 and 6 = 66030', is a region of special importance for such studies.
All-sky surveys from satellites often scan great circles perpendicular to the Earth's orbit in
order to keep the solar panels facing the sun, resulting in sensitive coverage of the ecliptic
poles. Our survey was motivated by the very deep coverage obtained by ROSAT (Triimper
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1983; Voges 1992) but is also useful for comparison with other satellite based surveys (e.g.,
HEAO-1, Wood et al. 1984; IRAS, Hacking & Houck 1987). The NEP region has been
previously studied with radio surveys using the Green Bank 91-m telescope at 1.4 GHz
(Condon & Broderick 1985, 1986; White & Becker 1992) and at 5 GHz (Becker, White, &
Edwards 1991; Gregory & Condon 1991), the Effelsberg 100-m telescope at 2.7 GHz (Loiseau
ei al. 1988); and Very Large Array and Ryle Telescope observations of sources selected from
the 38 MHz 8C survey (Rees 1990; Lacy, Rawlings, & Warner 1992).

We present here new radio observations (hereafter the VLA-NEP survey) of the region

that are 10 - 100 times deeper than these previous surveys, with the specific goal of correlating
faint radio sources with faint X-ray sources observed in the recent ROSAT all-sky survey
(Voges 1993; Brinkmann 1993). Our observations were made with the NRAO Very Large
Array. We have cataloged 2435 sources, with about 9% fainter than 1 mJy. The 114 fields
do not have uniform sensitivities (fields closer to the NEP were observed longer to match the
increased sensitivity of ROSAT), and the sensitivity varies considerably across each field.
But no biases have been introduced and the resulting catalog should be representative of the
faint radio source population about the NEP.

Details of the observations are presented in §A2, with a discussion of the image
processing, correction for instrumental effects, and error determination. In §A3 we present
the VLA-NEP catalog, which is compared with other catalogs in §A4, and in §A5 we

determine the log N-log S radio source count distribution.

A2 Observations

Observations of the NEP were made on 31 December 1990 and 2 January 1991 with
the C-configuration of the VLA. The data were recorded with dual 46 MHz bandwidth IFs
(i.e., using the standard "50" MHz bandwidth) with an effective center frequency of 1489.9
MHz. Pointings were made of 113 fields around the NEP, each separated by 30'. Typically
three short exposure "snapshots" of 8-minutes each were made for each of the 28 fields
centered within 1.50 of the NEP, while two 4-minute observations were made of the 85 fields
centered between 1.50 - 3.00 of the NEP. The nominal resolution of these observations is
20". However, during the first day's observations some data was lost due to a failure of
the entire VLA. This eliminated one scan from several of the fields, with the result that
ten outer fields have relatively high noise levels and elongated beams. Also one inner and
one outer field were mispointed 20' to the north, with the result that there are two small
regions where no reliable source detections could be made. In total, 29.3 square degrees were
surveyed. Figure 1 presents a schematic of the regions about the NEP covered by each field,
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and shows the corresponding numerical designation adopted for each field.

The visibility data were calibrated using the tasks supplied in NRAO's Astronomical
Image Processing System (AIPS), treating each day separately. The total flux density was
tied to observations of 3C 286 and the scale of Baars et al. (1977). The source 1748+700 was
used as the local phase calibrator. Individual fields were observed during only one of the
two days, although the flux density of 1748+700 on each day differs by only 0.6%, indicating
that the absolute flux scale is consistent between the two sessions. As 1748+700 is only 3.5*
from the NEP, the field surrounding it has also been included in the catalog.

A2.1 Imaging and Source Detection

Fourier transforms of the data were made using the AIPS task UVMAP for the two
IFs separately, and the resulting maps were averaged in the image plane. The maps are
1024 x 1024 with 5" pixels. "Natural" weighting was used, giving the highest sensitivity
with some loss of resolution. Deconvolution of the inner 512 x 512 pixels (42.7' x 42.7') was
accomplished with APCLN. The data were self-calibrated twice using ASCAL correcting only
for the phases. Following self-calibration, the resulting images from each IF were averaged. In
a few instances, the presence of a bright source (S > 100 mJy) required a further application
of ASCAL with a correction for phases and amplitudes. However, since this causes a slight
redistribution of flux from the fainter to the brighter sources, amplitude corrections were
limited to a few fields (see notes in Table 1).

The root-mean-square noise of each field (a) was measured over a central region chosen
to avoid bright sources. Typically, the deeper fields within 1.5' of the NEP have noise levels
o, around 60pJy, while the fields in the outer annulus, 1.5' - 3.0' from the NEP, typically
have a • 120uJy. Noise levels along the edges and corners of each field are 3 - 4 times higher
than at the field centers due to primary beam attenutuation and bandwidth smearing.

The 42.7' x 42.7' region CLEANed was searched for sources at a level 6 x 0" in most
fields. In some fields, a visual inspection showed systematic errors on the image and the
minimum flux density for a detection was increased to 7 - 8 x a. Determination of the peak
flux density and position of each source was made with the AIPS task MAXFIT, which fits a
quadratic function to the 3 x 3 pixel area around each peak. Total flux densities were found
with the AIPS tasks TVSTAT and IMSTAT which determine the sum of pixels in a small

region around the peak. Regions were selected which, by visual inspection, best enclosed
the source. In a few cases image artifacts result in large errors in the total fluxes for some
of the faintest sources (< 1 mJy).

Many regions > 15' from field centers were included on more than one field. Where

sources were detected on these overlaps, only those from the field with the lowest a were kept.
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This eliminates the possibility of a single object being counted twice due to its appearance
on more than one field. Figure Al is a schematic representation of all sources found over the
entire survey region.

7007

18 40m 16 20- 18 00M 17 400 17 20i
a (J2000)

Figure Al - The distribution of VLA-NEP seurces found about the North Ecliptic Pole.

A2.2 Flux Density Corrections

The flux densities measured from images produced by a synthesis array must be

corrected for: (1) primary beam response of the antenna elements; (2) time-average smearing

due to the finite integration time; and (3) chromatic aberration due to the finite bandwidth
(Bridle & Schwab 1989; Cotton 1989). Very roughly, these effects increase quadratically with

distance from the image center.

The primary beam expansion presented by Bridle (1989) has been used, where the power
pattern of each antenna element, A(p), is given by

A(p) a a,(pVo)2", (1)

with

ao = 9.920378 x 10-'

41 = 9.956885 x 10-4

a 2 = 3.814573 x 10-e
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a3 = -5.311695 x 10-1°

a4 = 3.980963 x 10-",

where p is the angular distance from the field center (in arcminutes), and the effective center

frequency vo = 1.4899 GHz.

We have not corrected for distortions due to time-average smearing because the effect

is always very small. The data were collected with an integration time of 30 seconds which,

for our freqency and array combination, leads to reductions in the peak flux of only 1%

for a point source 30' from the field center (Cotton 1989). We have also not corrected for

"CLEAN bias", a small systematic reduction in the flux density of sources that is thought
to occur when large fields of view are CLEANed from short observations (Condon, private

communication; Cornwell, private communication). Because most of our fields were observed
more than once, there should be little effect from CLEAN bias. In the worst case, for those

few outer fields where we obtained only a single snapshot, CLEAN bias may have reduced
the flux densities by • 2a', although for our maps other systematic errors on these fields

likely dominate this effect.

For this experiment, where natural weighting was used, the effects of bandwidth

smearing correspond to the "square bandpass, circular Gaussian tapering" case discussed

by Bridle & Schwab (1989). The reduction in the peak flux of a point source is R(p)

Sjkl/Spe.&, where Sp,.& and St k are the true and measured peak flux densities, respectively,

and

R(p) = r~ erf 2j-) (2)

with

AV p

VO OHPBw

-y= 20 n2,

where the bandwidth Av = 46 MHz, OHPBW is the resolution (in arcminutes), and erf() is

the usual error function. For this experiment the effective bandwidth and frequency were

constant, and the effective resolution varies, sometimes considerably, from field to field. We

set 0HPBW to be the average of the major and minor axes of the elliptical restoring beam

used by the AIPS task APCLN.

Therefore, the flux densities St and St measured on the CLEANed maps have been
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corrected as

S"pk (3)
R(p) A(p)

t ,ot,. (4)

A(p)

where Spe.& and Star- are the corrected source values.

The sensitivity of the survey is illustrated in Figure A2, which shows the corrected peak

flux densities as a function of distance from the field centers.

2 *, * . .

14h M - aa •

. . •. ,; N.• ".~~N * . .

0 Nit N

""k~

0 5 10 16 20 25 30
Distance from Image Center p [arcminutesJ

Figure A2 -The peak flux density (Se&) of cataloged radio sources, corrected for the

effects of the primary beam and bandwidth smearing, as a function of p distance from the

field center.

A2.3 Flux Density Uncertainties

Uncertainties in the flux densities (in mJy) were estimated from the quadratic sum of

several terms (e.g., Condon, Condon, & Hazard 1982; Andre', Montmerle, & Feigelson 1987).

The first term is the statistical error from the rms noise level,

0•".,. (5)
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where o0,,, is the noise level of the map, p is the distance of the source from the field center (in
arcminutes), A(p) is the primary beam response given by equation (1), and b is an empirical
term. Following Condon et al. (1982) we have taken b = 1.52.

The second term arises from uncertainties in the calibration and flux measurment
process, which we take to be 3%, so that

0"2 = 3 x 10-2 Speak, (6)

where Spe.,k is the corrected peak flux density given by equation (3).

For the third term, which incorporates pointing errors in the antenna elements, we have
adopted the functional form of Condon et al. (1982) but have taken the pointing accuracy
of the antennas to be c = 0.1" (Perley 1992), so that

0"3 = 5.5 X 10-4 pSSe.k. (7)

The fourth term represents uncertainty in the primary beam correction and we have
adopted the expression used by Condon et al. (1982)

044 = I x 10-4 p2 Speaj. (8)

Following Andri et al. (1987) we include an error term for uncertanties in the the
bandwidth smearing correction. The peak and total flux densities of 60 unresolved sources
selected from the 28 inner fields were inspected and compared to the measured ratio of the
peak-to-total flux densities with that expected from equation (2). We found no dependence
on p and from the observed scatter adopt

Orr = 5 x 1 -Spe.&. (9)

To account for additional uncertanties in the determination of the total fluxes for faint
sources due to map artifacts and similiar effects, we have included an additional error term

= 0 Stot., > lmJy (10)0 = 0.1-5.qto. Stow _5 lmjy.

The total error in the corrected flux densities is therefore,

ASpe.k -(= 12 3 4 0) , (11)

A~tor-, =(0'2 + o'•2 + 0,1 + O'l + 2e) '/2 (2

= 25 (12)
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where the primed values of 0'2, 0,3, and 0,4 denote the use of the total flux density instead of
the peak flux density in the evaluation of these error terms.

A2.4 Positional Corrections

The positions measured from images produced by a synthesis array also need to be
corrected for instrumental effects. The raw map must be expanded by a small factor to
recover true source positions. As discussed by Mitchell & Condon (1985) these corrections are
related to the finite bandwidth and arise from: inaccuracies in the true effective frequency,
the frequency dependence of the primary beam, and the variation in flux density across
the bandpass for sources with spectral indices a 5 0. All of these effects increase with the
angular distance of the source from the image center. We have adopted the overall correction
used by Mitchell & Condon (1985) who observed with the same frequency and bandwidth
combination as we did. The measured position of each source has therefore been expanded
radially outward from the center of the image by Ap (arcminutes), where

Ap = (3.8 x 10- 3 )p + (3.3 x 10-6 )p3 , (13)

and p is the angular distance of the source from the field center (arcminutes).

In order to confirm the validity of equation (13) compensating for radial positional
distortions, we made two tests: (1) an external test with a comparison of VLA-NEP survey
positions with those of other samples with high positional accuracy; and (2) an internal test
of VLA-NEP survey positions for sources which appear on more than one field. For our
external test we looked at two samples. Patnaik et al. (1992) have imaged compact radio
sources with a positional accuracy of 0.012". Four sources from their list were detected in
the VLA-NEP survey. In addition, Lacy et al. (1992) observed 57 sources around the NEP
with arcsecond resolution. However, as the Lacy et al. (1992) sources were chosen from the
8C catalog selected at 38 MHz, they are primarily lobe dominated objects. We used only
eight 8C sources with compact structures (< 5") where the positions are likely independent
of wavelength and beam size.

The position correction was further tested by comparing repeated measurements in the
"unmerged" list of VLA-NEP sources of -- 1000 source positions in overlapping regions of
adjacent fields. Sources with (uncorrected) positions within 15" of each other in adjacent
fields were considered to be multiple observations of the same object. The average separation
between these multiple entries is minimized when the survey positions are corrected by
equation (13).

Figure A3 shows the offsets between VLA-NEP positions and positions given by Patnaik
et al. (1992) and Lacy et al. (1992) for twelve sources in their surveys as a function of the
VLA-NEP source's angular distance p from the field center. The curve shows the correction
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Figure A3 - A comparison of NEP source positions, as taken directly from the images, with
sources with very accurate positions from Patnaik et al. (1992, crosses) and the 8C survey

Lacy et al. (1992, triangles). The large error bars represent offsets of NEP survey sources
found on more titan one field. The solid line is the positional offset predicted by the radial
expansion of Mitchell & Condon (1985).

given by equation (13). It is clear that the radial correction follows the observed offsets,
though the scatter becomes large for p > 15'. Also plotted are the mean and standard
deviation of offsets between multiple observations within the VLA-NEP survey in three
ranges of p. These are also consistent with the expectations of equation (13), although the

scatter is larger since positional errors are introduced twice from each of the two overlapping
NEP fields.

Additional non-radial distortions, such as those found by Taylor & Seaquist (1985), can

arise from the use of a finite integration time and the neglect of the w-term (Cotton 1989).
As mentioned above, the effect of time smearing is negligible for this array and frequency
combination. The neglect of the tv-term is more problematic. For the case of a single
snapshot the use of a 2-dimensional Fourier transform (i.e., UVMAP or MX in AIPS) which
cannot account for the tv-term will lead to an apparent position shift, Ap, (arcminutes), in
the direction of the zenith, and with a magnitude

Ap, = 1.5x10- 4 p 2 tanZ (14)

where p is the angular distance of the source from the phase center of the map (arcminutes),
and Z the zenith angle of the observation.
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We made three tests of the magnitude of distortions arising from neglect of the w-
term, using fields which contained bright sources with accurate positions from Patnaik et
al. (1992) and Lacy et al. (1992). First, the data were reimaged treating each short scan
of a field independently. The positional offset of the test sources from each snapshot was
compared with that expected by equation (14). Second, the data were reimaged using the
AIPS task MX with a phase shift to move each test source to the center of the image. As the
w-term distortion depends on distance from the phase center, this procedure will eliminate
it for the test source. Third, the individual snapshots from each field were reimaged with the
new AIPS task UVADC. UVADC takes clean components which have been subtracted from
a uv data set, corrects their position for the effects of the w-term, and then adds the Fourier
transform of the shifted clean components back into the data. After each test, the radial
correction in equation (13) was applied. Although application of the these methods did move
the sources by 1-2", the resulting positions were not closer to those of Patnaik et al. (1992)
and Lacy et al. (1992). Thus, our positional accuracy does not appear to be limited by the
w-term and we have not applied any w-term correction to the VLA-NEP survey positions.

A2.5 Positional Uncertainties

The net positional uncertainty APO, E- V(Aa) 2 + (A6) 2 was taken to be the quadratic
sum of two terms. The first term arises from the use of the parabolic fitting routine MAXFIT
and depends on the signal-to-noise ratio of the source and the size of the beam. Using the
AIPS tasks IMMOD and CONVL we created simulated point sources with noise which were
convolved to various beam sizes. MAXFIT was then used and the difference between the
measured and true position found. In the range of beam parameters applicable here we
emprically estimate the error due to MAXFIT to be

log 0. = 3 [250 HPBW log , (15)

where a is the measured noise of the map center, 0HPFW is the effective resolution in
tarcminutes, and Sp,.k is the uncorrected peak flux density.

The second error term arises residual errors remaining after the application of the radial
expansion correction discussed above, arising from instrumental or deconvolution errors that
are not well understood. For sources with p _< 15' appearing in Patnaik et al. (1992) and
Lacy et al. (1992) shown in Figure A3, the standard deviation of the net positional offset is
1.2". For sources with p > 15', we used the internal VLA survey comparison of objects in
the "unmerged" list shown in Figure A3, giving a lo" deviation of 2.7". Since errors in two
fields contribute to this deviation, the uncertainty of a single position is 2.7"/V,2 or 1.9".
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Thus, the second positional error term is

{1.2" ; !_15' (16)s= 1.9"1 p > 15''

and the total positional uncertainty is

Ap= ( )1 / + as (17)

A3 The VLA-NEP Catalog

Table I presents the observational parameters for each of the 114 fields observed. The
columns list: (1) the field designation; (2) - (3) the coordinates of the field center (J2000);

(4) cr, the rms noise level at the field center in mJy; (5) the minimum signal-to-noise ratio
required for source detection; (6) the major axis, minor axis and position angle, respectively,
of the CLEAN restoring beam; and (7) a flag to denote fields where amplitude self-calibration

was used. Brief additional notes have also been included at the end of the table.

Table 2 gives the resulting VLA-NEP source catalog. (See §6 for details on how to
obtain the entire catalog, we include only a sample page here.) The columns list: (1) the

source name (J2000); (2) the field designation where the source is best detected; (3) - (8) the

corrected source position (J2000); (9) A, the net positional uncertaintity in arcseconds;

(10) p, the distance of the source from the field center in arcminutes; (11) Stot. 1, the corrected
integrated flux density in mJy; (12) ASo,0 j, the rms error in the integrated flux density; (13)

Spc,,, the corrected peak flux density in mJy; (14) ASp.,1 , the rms error in the peak flux

density; and (15) S,,k/0, the signal-to-noise of the detection. Fully resolved double sources

with bright lobes have been included as two catalog entries, with the total flux being that

for the entire object. (Slight differences exist between the total flux values for most doubles
because of variations in the flux density corrections due to the different distances of the lobes

from the field centers.)

The last column of Table 2 contains additional notes where (ID) denotes possible
identification with an object from another survey (see Table 3 and below); (S) suspect

source which lies on an image processing artifact; (D) double source, either a blend of two

comparable sources or two resolved peaks with a common envelope; (E) extended source,

either an elongated source, or an object with an asymmetric or complex shape. In addition

(D?) and (E?) indicate possible doubles and extended sources whose features appear at less
than 8 x o-. Also included is the angular separation (arcminutes) between the peaks of double
sources, the angular size of extended sources (measured from the peak to the most distant
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feature, minus a slight resolution correction), and the position angle (degrees) measured from
the brightest peak. We identified 124 double sources (45 of which have have both peaks listed
individually in the catalog) and 174 extended objects with a range of sizes from 0.1' - 2.2',
with 70% of the doubles and 60% of the extended sources being larger than 0.5'.

Contour images of 54 sourc 's with interesting structure are included in Figure A4 and
are indicated in the notes of Taoie 2. Positional corrections have not been applied to the
maps and source positions are best taken from the catalog (Table 2).

A4 Comparisons with Other Catalogs

The VLA-NEP source catalog was compared with four previous radio catalogs which
cover all or part of the VLA-NEP catalog area. These include the 1.4 GHz Green Bank
catalog (White & Becker 1992), the 5 GHz Green Bank catalog (Becker et al. 1991) and the
1.5 and 5 GHz VLA and Ryle Telescope observations of the 38 GHz 8C survey (Lacy et al.
1992). A search radius of 160" and 50" was used for the 1.4 GHz and 5 GHz Greenbank
surveys, respectively, equal to the uncertainty in those catalogs, and 30" was used for the
8C catalog, which contains primarily lobe dominated objects. In addition we have made
comparisons with the 2.7 GHz Effelsberg survey (Loiseau et al. 1988) using a variable search
radius. For objects found by Loiseau et al. to be "pointlike" we used their stated error radius
plus and additional 10"; for "slightly extended" sources the error radius plus an additional
65", for objects with uncertain parameters we used 120" and for "extended" sources a search
radius equal to the maximum source size em.. (arcseconds) was used, where

e., = 1-0"(e + 1) + 0.5 [(es + A01)(02 + A02) - (4.35-")211/2 (18)

with c the error code listed in Loiseau et al. (1992), 01 and 02 the fitted major and minor
axes of elliptical gaussian fit to the sources, and A8 1 and A8 2 their associated errors (all in
arcseconds).

VLA-NEP counterparts were found for all of the 1.4 GHz Green Bank sources and

approximately 90% of the sources from the other three surveys. The comparison with the
5 GHz Green Bank and 8C catalogs found relatively few with more than one VLA-NEP
counterpart within the search radius (nine and three objects, respectively). However, 36%
of the 2.7 GHz Effelsberg and 78% of the 1.4 GHz Greenbank sources have multiple VLA-
NEP counterparts. This is partially due to the large error radius adopted for the latter two
surveys, although many of these surveys have located sources which we have found to be
doubles large enough for the two lobes to be listed individually. Where the identification of
a VLA-NEP source is not likely to be subject to confusion (> 80% of the flux arising from a
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Figure A4 - Contour plots of 48 selected extended and double sources. The corrected peak

flux density of the brightest peak on the map is given, as well as the lowest contour level as a

percentage of the peak. Subsequent contour levels increase by factors of 2, with the highest

contour level at 99%. One negative contour at the lowest level is also plotted. The maps are
in order of increasing right ascension and all plots are at the same angular scale. The axes
are not corrected for positional offsets.
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single VLA-NEP object), we have determined spectral indices between the VLA-NEP flux
densities and the 2.7 GHz and 5 GHz catalogs. Because of uncertanties in all the catalogs
these identifications should cautiously and are only meant to serve as a guide.

In addition to radio surveys, the VLA-NEP catalog was compared to catalogs of
extragalactic objects listed in the NASA Extragalactic Database (NED). Using a search
radius of 1' for this correlation 42 galaxies (most brighter than 15 magnitudes) and 27 IRAS
sources were found with VLA-NEP counterparts. VLA-NEP counterparts were also found
for the galaxy cluster Abell 2280, the planetary nebula NGC 6543, and SN 1989P, although
the latter is most likely a chance coincidence from the large search radius adopted.

The results of these tentative source identifications are listed in Table 3. For each
source listed in Table 2 with an 'ID' note the columns show: (1) the VLA-NEP source
name (J2000); (2) the VLA-NEP total flux density; (3) the name of any 5 GHz counterpart
from Becker et al. (1991) along with the cataloged flux density (mJy); (4) the name of any
2.7 GHz Effelsberg counterpart from Loiseau et al. (1992) along with the cataloged flux
density (mJy); (5) the name of any 1.4 GHz counterpart from White & Becker (1992) with
the cataloged flux density (mJy); (6) the name of any 8C counterpart from Lacy et al. (1992);
(7) the name of any NED counterpart that is not from the four previous radio surveys with a
visual magnitude, if available from NED; (8) the spectral index between 1.5 GHz and 5 GHz;
and (9) the spectral index between 1.5 GHz and 2.7 GHz; (10) a reference for sources with
information from NED.

A5 Source Counts

A5.1 VLA-NEP Survey Results

The VLA-NEP catalog gives an accurate determination of the sky density of 1.5 GHz
sources in the flux density range 1 - 150 mJy, following the procedure described by Mitchell
(1983) and Mitchell & Condon (1985). To minimize systematic errors due to uncertainties
in the flux density correction parameters (see §A2), we have restricted the source counts
to objects within 15' of the field centers. The two fields directly north of each mispointed
field (F047 and F067) have also been excluded. We have included the region around the
calibrator (F032), although the calibrator source itself (1749+701, VLA-NEP 1748.5+7005)
has been excluded. Double sources with multiple catalog entries have been treated as single
objects, with the peak being that of the brightest component. With these restrictions, we
counted 1622 objects over a total sky area of 21.7 square degrees. Figure A5 shows the curve
of f•(Sp,.k), the integrated solid angle over which a source can be detected, vs. the peak flux
density Speak in mJy.
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Figure A5 - The effective sky area over which a source with a corrected peak flux density
Sp ought to have been detected on our survey maps, as a function of Sp.

The sky density of sources within a selected interval of total flux density is given by the
number Nw of sources per square degree in that interval summed with weight [fl(Spe.)] 1,

where Nw and its associated error aw are

N

Nw = Z[fl(Spe.k)-Ij, (19)

N

(7W)2 = (20)
n=1

The source counts are corrected to compensate for sources with total fluxes sufficient
to have been included, but peak fluxes densities too low to have been detected and counted.
To do this we have followed the procedure outlined by Mitchell & Condon (1985). The
correction factor C2 for sources in a given bin i is determined by considering a reference
bin containing N brighter sources. The peak and total fluxes of the reference bin sources
were scaled downwards to match the flux range within bin i. The number Nh,. of sources
from the scaled reference bin that had peak fluxes below the 6 x o would not have been
counted and were considered "missed". If the reference bin contains all the sources within
its flux range, then Ci = N/(N - Nd,,). However, because the radio source population
changes in the range of a few mJy, the reference bin chosen for bin i was the bin i + 1 with
slightly higher fluxes (except for the lowest bin where the next two highest bins served as
the reference). Because the reference bin itself may suffer from missed sources the correction
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factor Ci = NC±I1 /(N - N•.,). Estimates of C were found for all bins with total fluxes
below 10 mJy. The error associated with the correction ac = C/I/-N, although where C = 1
the associated error is undefined and we have not included it in the determination of the
source count error.

It is conventional to plot the source density distribution normalized to that expected
in a static Euclidean universe: No = (SjLjs - Sjj"s)/1.5, where SL and Su are the lower
and upper boundaries of a selected flux density bin. The corrected, normalized differential
number count and its error is then

nS 2 5  = C (N ), (21)

On25= 01W) + 01~'2  (22)

Bins are selected to include all sources with total flux densities greater than 0.3 mJy with
successive bin boundries increased by factors of v'i. The lowest two bins were combined to
compensate for the low number of sources and uncertanties in the flux determination. Finally,
in order to better facilitate comparison with other surveys, the fluxes were scaled from 1.49
to 1.40 GHz by assuming a spectral index a = -0.75. Table Al presents the resulting
normalized differential 1.40 GHz counts, with the columns showing: (1) - (2) the boundaries
of the flux density bins (mJy); (3) N, the actual number of VLA-NEP sources found within
each bin in the 21.6 squares degrees; (4) Nw, the weighted number of sources and oNw

the associated uncertainty; (5) C, the resolution correction factor and ac the associated
uncertainty; (6) nS2"5 , the source count after a Euclidian normalization and ,,s,.,, the
associated uncertainty.

A5.2 The Radio Source Population

The source counts in Table Al are plotted in Figure A6 with the flux densities plotted
at the expected average flux

s,,s = [(1-') (S_-"; "-U_ , (23)

where -y is defined as n(S) = kS-• and we take -y = 1.7 (Condon & Mitchell 1982; Windhorst,
van Heerde, & Katgert 1984).

For comparison, we have also included on Figure A6 other source count data obtained
with the VLA (Condon & Mitchell 1984; and references therein), as well as the best fit curve
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TABLE Al
1.4 GHz Source Counts

Flux Density N 10-4 Nw C nS 2 "5

(mJy) (sr- 1 jy*+5.)

(1) (2) (3) (4) (5) (6)
0.30 < S < 0.60 40 8.55 ± 1.81 3.10 ± 0.14 3.20 ± 0.69
0.60 < S < 0.85 113 8.48 ± 1.20 1.41 ± 0.10 6.47 ± 1.03
0.85 < S < 1.20 138 5.93 ± 0.62 1.17 4 0.07 6.41 ± 0.78
1.2 < S < 1.7 216 6.27 - 0.49 1.06 - 0.07 10.2 ± 1.1
1.7 < S < 2.4 236 5.04 - 0.36 1.02 - 0.07 13.5 ± 1.3
2.4 < S < 3.4 208 3.72 - 0.27 1.00 ... 16.1 ± 1.2

3.4 < S < 4.8 170 2.75 - 0.21 1.00 20.3 ± 1.6

4.8 < S < 6.8 120 1.83 - 0.16 1.00 ... 22.5 ± 2.1

6.8 < S < 9.6 90 1.36 - 0.14 1.00 ... 28.4 - 3.0

9.6 < S < 13.6 64 0.977 - 0.122 1.00 ... 33.9 - 4.2

13.6 < S < 19.0 49 0.745 - 0.107 1.00 ... 45.0 - 6.4

19 < S < 27 42 0.634 ± 0.098 1.00 ... 60.8 ± 9.4

27 < S < 38 35 0.529 - 0.089 1.00 ... 87.8 - 14.8

38 < S < 54 29 0.438 - 0.081 1.00 ... 118 ± 22

54 < S < 77 21 0.317 - 0.069 1.00 ... 145 ± 32

77 < S < 109 12 0.181 0.052 1.00 ... 143 - 41

109 < S < 154 11 0.166 - 0.050 1.00 ... 222 - 67

154 < S < 217 10 0.151 - 0.048 1.00 ... 341 - 108

217 < S < 307 7 0.106 - 0.040 1.00 ... 395 - 149

307 < S < 434 5 0.076 - 0.034 1.00 ... 476 - 213

434 < S < 614 2 0.030 - 0.021 1.00 ... 319 - 226

614 < S < 869 3 0.045 - 0.026 1.00 ... 805 - 465
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Figure A6 - The normalized differential source counts from the VLA-NEP survey
extrapolated to 1.4 GHz. The VLA-NEP data (dark circles) are shown along with
representative values from other VLA surveys (crosses) taken from Condon & Mitchell (1984),
and the best fit curve derived from Westerbork surveys (Katgert, Oort, & Windhorst 1988).

derived from a variety of Westerbork surveys (Katgert, Oort, & Windhorst 1988). We find
good agreement between our results and these other studies, except at the lowest bin, where
our source detection and flux determination is weakest, and for the higher flux bins, where
the number of VLA-NEP sources is small. Within the range of 3 - 30 mJy we find our
source counts falling slightly below the Westerbork line, although in agreement with some of
the other VLA surveys. We do not expect significant instrumental effects in the VLA-NEP
survey in this flux range, and suspect this slight dip may be a property of the radio source
population in the direction of the NEP. A linear fit of the logarithmic VLA-NEP normalized
differential source counts between I - 150 mJy gives a slope 0.68 ± 0.03, consistent with the
value of 0.71 ± 0.03 derived by Windhorst et al. (1985) between 5 - 100 mJy.

Several detailed studies have been made of the 1.4 GHz source count distribution (e.g.,
Condon 1984; Windhorst et al. 1985; Katgert et al. 1988; Windhorst et al. 1984 Windhorst,
Mathis, & Neuschaefer 1990; Rowan-Robinson et al. 1993). These studies have shown that
there is a shift in the nature of the radio source population near 1 mJy, with the brighter
population being dominated by radio galaxies and quasars, and the fainter population
by starbust galaxies. Therefore, the VLA-NEP survey should have found virtually all of
the brighter population about the NEP, although only a fraction of the fainter, starburst
population.
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