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ABSTRACT
Detection and photometry of sources in the G, R, and bands in a 9] 9 arcmin2 region of theU

n
, K

ssky, centered on the Hubble Deep Field, are described. The data permit construction of complete photo-
metric catalogs to roughly G\ 26, R\ 25.5, mag and signiÐcant photometric mea-U

n
\ 25, K

s
\ 20

surements somewhat fainter. The galaxy number density is 1.3] 105 deg~2 to R\ 25.0 mag. Galaxy
number counts have slopes d log N/dm\ 0.42, 0.33, 0.27, and 0.31 in the G, R, and bands, con-U

n
, K

ssistent with previous studies and the trend that fainter galaxies are, on average, bluer. Galaxy catalogs
selected in the R and bands are presented, containing 3607 and 488 sources in Ðeld areas of 74.8 andK

s59.4 arcmin2, to R\ 25.5 and mag.K
s
\ 20

Subject headings : cosmology : observations È galaxies : evolution È galaxies : fundamental parameters È
galaxies : photometry

1. INTRODUCTION

The Hubble Deep Field (HDF) (Williams et al. 1996) was
chosen to be at high Galactic latitude, at low extinction,
and free of bright or unusual sources. The Hubble Space
Telescope (HST ) images of the HDF are the deepest optical
images of the sky ever taken, reaching source densities of
roughly 106 deg~2. The HDF has quickly become a
““ standard Ðeld ÏÏ for the study of very faint extragalactic
sources ; it has been studied at all wavelengths from X-ray
to radio. It is hoped that the huge multiwavelength data-
base, which is developing for this Ðeld, will lead to a new
understanding of faint galaxy properties and evolution.
This paper presents the catalogs of source Ñuxes and colors
created for the Caltech Faint Galaxy Redshift Survey, in a
region of the sky centered on the HDF.

The Caltech Faint Galaxy Redshift Survey is a set of
magnitude-limited visual spectroscopic surveys, with visual-
and near-infraredÈselected samples of very faint sources in
blank Ðelds. The sources are observed spectroscopically
with the low-resolution imaging spectrograph (LRIS) (Oke
et al. 1995) instrument on the Keck Telescope. The spectro-
scopic catalogs are presented in companion papers (Cohen
et al. 1999b, 2000). BrieÑy, the survey comprises several
Ðelds, which together contain many hundreds of sources
with spectroscopically measured redshifts and multiband
photometry, down to RB 24.5 or K B 20 mag, the current
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practical limit of highly complete, magnitude-limited spec-
troscopic samples. (Of course the photometric catalogs, and
some incomplete spectroscopic samples, reach fainter Ñuxes
than these.) Early results include studies of galaxy groups
out to redshifts zB 1 (Cohen et al. 1996b, 1996a, 1999a,
2000) and measurements of broadband and emission line
luminosity functions and their evolution to redshifts zB 1.5
(Hogg et al. 1998b, Hogg 1998a ; Cohen et al. 1999a). The
database of photometry and spectroscopy will be useful for
studies of faint galaxies and stars.

The HST images of the HDF are very small, covering
only about 5 arcmin2, so they are poorly matched to the 15
arcmin2 spectroscopic Ðeld of the LRIS instrument. For this
reason the spectroscopic surveys in the HDF are performed
in a larger region of the sky surrounding the HST image,
with sources selected with the ground-based data presented
here. The HDF observations with HST also included short
exposures (one or two orbits) for eight pointings surround-
ing the HDF; these are referred to as the ““ Ñanking Ðelds ÏÏ
(FF). The potential for obtaining detailed morphological
information on the brighter sources at the resolution of
HST therefore exists for the photometric catalogs presented
here, and the redshift catalogs presented elsewhere (Cohen
et al. 1996b, 1996a, 2000).

2. DATA

For visual data, G, and R images taken with theU
n
,

COSMIC camera (Kells et al. 1998) at the prime focus of
the 200 inch Hale Telescope at the Palomar Observatory
were used. The COSMIC camera has 0.283] 0.283
arcsec2 pixels over a 9] 9 arcmin2 Ðeld of view. The Ðnal,
stacked images are 8.6] 8.7 arcmin2, centered on R.A.\

decl.\ 62¡13@13@@ (J2000), i.e., roughly centered12h36m51s.4,
on the HST image of the HDF (Williams et al. 1996). The
visual images were taken in order to identify candidate
z[ 3 galaxies ; details of the observations, calibration, and
reduction of these images are described in Steidel et al.
(2000). The G, and R Ðlters are described in Steidel &U

n
,

Hamilton (1993) ; brieÑy, they have e†ective wavelengths of
3570, 4830, and 6930 FWHM bandpasses of 700, 1200,A� ,
and 1500 and zero-magnitude Ñux densities of roughlyA� ,
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1550, 3890, and 2750 Jy. These magnitudes are Vega rela-
tive, not AB.

The southwest corner of the R image was contaminated
by an asteroid trail. The trail was removed by transforming
less sensitive but higher resolution Keck LRIS R-band
images taken as setup for the spectroscopic program in this
Ðeld (Cohen et al. 2000) onto the same pixel scale, smooth-
ing to the same seeing and scaling to the same zero point. A
strip of full width along the straight trail was replaced4A.7
with the smoothed, transformed Keck LRIS image. This
thin strip of the R-band image has slightly higher than
average noise. The Ðnal R-band image is displayed in Fig. 1.

For near-infrared data, an 8@ diameter circular region
centered on the HDF was imaged on 1997 March 19È21
using a Ðlter with a near-infrared camera (Jarrett et al.K

s1994) mounted at the prime focus of the 200 inch Hale
Telescope. The instrument reimages the focal plane at 1 :1
onto a near-infrared camera and multiobject spectrograph
3 (NICMOS3) 256 ] 256 pixel HgCdTe array (produced by
Rockwell), producing a 0.494] 0.494 arcsec2 projected
pixel size and a 2.1] 2.1 arcmin2 instantaneous Ðeld of
view. The Ðlter has an e†ective wavelength of 2.15 km, aK

s

FWHM bandpass of 0.3 km, and a zero-magnitude Ñux
density of roughly 708 Jy. Fourteen separate subÐelds, o†set
by 2@, were required in order to mosaic the entire circular
Ðeld ; each of these subÐeld was imaged once per night. For
each subÐeld each night, 45 separate frames were taken ;
each frame consisted of six exposures of 3 s each, co-added
in the electronics before writing to disk. The telescope was
dithered by 5AÈ15A between frames. As a result, each sub-
Ðeld was exposed for 810 s each night, or 2430 s for the three
nights. The seeing was D1A0 FWHM for most of the three
nights. The Ðrst two nights were judged photometric and
were calibrated using the faint solar-type standard stars of
Persson et al. (1998).

The band data were reduced by the method of PahreK
set al. (1997). Each subÐeld was reduced separately for each

night. The third nightÏs data were rescaled by factors of
between 1.1 and 1.5 in order to account for cirrus ; the
scaling factors were determined from a Ðt to a large number
of sources. The subÐelds were then registered by aligning
the objects in common with adjacent subÐelds in the
overlap region. Individual pixels in a given Ðeld were
weighted by the number of pointings contributing to that

FIG. 1.ÈFinal R-band mosaic, stretched from [5 p (black) to 5 p (white). The Ðeld center is R.A.\ 12h36m51s.4, decl.\ 62¡13@13@@ (J2000).
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pixel. A background level was estimated at every pixel by
median-Ðltering the mosaic with a wide Ðlter and sigma-
clipping. This background was subtracted in order to
remove subÐeld-to-subÐeld variations in the sky brightness
of the Ðnal mosaic. The Ðnal mosaic is displayedK

s
Èband

in Figure 2. Table 1 gives the properties of the Ðnal, stacked
images.

3. SOURCE DETECTION

Sources were detected in all four images independently to
construct four catalogs, hereafter ““G-““U

n
-selected,ÏÏ

selected,ÏÏ ““R-selected,ÏÏ and All catalogs““K
s
-selected.ÏÏ

were created with the SExtractor source detection and pho-
tometry package (Bertin & Arnouts 1996). The detection

FIG. 2.ÈFinal mosaic, stretched from [5 p (black) to 5 p (white)K
s
-band

TABLE 1

IMAGING DATA PARAMETERS FOR FINAL, STACKED MOSAICS

Solid Angle Exposure Pixel Size Seeing FWHM 1 p in Aperturea
Band (arcmin2) (s) (arcsec) (arcsec) (mag)

U
n
. . . . . . 75 23,400 0.283 1.3 26.9

G . . . . . . . 75 7200 0.283 1.2 28.1
R . . . . . . 75 6000 0.283 1.1 27.2
K

s
. . . . . . 59 2430b 0.494 1.5 22.1

a The 1 p magnitude is the Ñux corresponding to a 1 p variation in the sky in a 2A diameter
focal-plane aperture, the aperture used for color measurements.

b This exposure time applies to each of the 14 separate subÐelds.
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algorithm is as follows. Images are smoothed with a Gauss-
ian Ðlter that has roughly the same FWHM as the seeing

for the visual images and for the image).(1A.13 1A.5 K
s
-band

Sources in the smoothed image with central-pixel surface
brightness above a certain limit are added to the catalog. If
a source has multiple peaks within its 1.2 p isophotal area
on the image (where p is the pixel-to-pixel rms Ñuctuation in
the sky brightness), each peak is split into a separate catalog
source if it contains at least 1% of the original sourceÏs
isophotal Ñux.

The R-selected SExtractor catalog was augmented in two
ways. (1) Several sources were added that, by eye, appear as
if they ought to be split o† of brighter nearby objects, but
were not. These sources, when above the R-band Ñux limit,
were added to the R-selected catalog directly. (2) Several
very faint sources were compiled into what is hereafter
referred to as the ““ supplemental ÏÏ catalog, even though they
are below the R-selected catalogÏs Ñux limit, because they
have successful redshift measurements in the companion
paper Cohen et al. (2000). The Ñuxes for the supplemental

catalog are all aperture magnitudes and the colors were
measured as described below.

The noise in the image is much worse along the edgesK
sof the mosaic than at the center, which can lead to spurious

detections. Sources in the high-noise edges were removed
from the catalog, leaving a total area coverageK

s
-selected

of 59.4 arcmin2.
4. CALIBRATION WITH HST IMAGING

To maintain a Ñux or magnitude system consistent with
previous work in the HDF, the G, and R images areU

n
,

calibrated by comparison with the extremely deep HST
images of the HDF. The acquisition, reduction, and cali-
bration of the HST images are described in Williams et al.
(1996). In what follows, the Vega-relative calibrations of the
HST images are used.

The absolute calibrations and e†ective wavelengths for
the HST and ground-based Ðlters are used to compute the
following transformation equations under the assumption
that the sources have roughly power-law spectral energy

FIG. 3.ÈComparison of ground-based visual and transformed HST magnitudes for the R-selected sample. These plots were used to calibrate the G,U
n
,

and R images.
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distributions :

U
n
\ 0.53F300W] 0.47F450W[ 0.29 mag , (1)

G\ 0.82F450W] 0.18F606W[ 0.07 mag , (2)

R\ 0.46F606W ] 0.54F814W[ 0.02 mag , (3)

where F300W, F450W, F606W, and F814W are Vega-
relative magnitudes in the HST bandpasses of the same
name.

The ““ Version 2 ÏÏ HST HDF images (Williams et al. 1996)
are transformed onto the G-, and R-image coordinateU

n
-,

system, and all seven images are Gaussian-smoothed to
have the same e†ective seeing. Aperture magnitudes were
measured for the R-selected sample through matched, 2A
diameter apertures. For calibration, the Vega-relative mag-
nitude zero points were used instead of the ““ AB ÏÏ zero
points used by Williams et al. (1996). The measured G-,U

n
-,

and R-band magnitudes are given zero points such that the
comparison with transformed HST magnitudes in Figure 3
shows the best possible agreement. This HST -relative cali-
bration ought to be good to roughly 5%.

5. PHOTOMETRY

All catalog sources were photometered two ways : iso-
photal magnitudes were measured down to the 2 p isophote
(where p is the pixel-to-pixel rms Ñuctuation in the sky
brightness). Aperture magnitudes were measured through
apertures of diameter for the visual images and for1A.7 2A.0
the image. Corrections to account for Ñux outsideK

s
-band

the aperture were added to the raw aperture magnitudes.
The aperture corrections were measured from bright stars
in the Ðeld and were found to be [0.13, [0.10, [0.10, and
[0.12 mag for the G, R, and images, respectively.U

n
, K

sThese corrections correct aperture magnitudes to total
magnitudes for point sources ; no adjustment was made to
account for galaxy size or extended structure in galaxies
because although faint galaxies are not point sources, in
these ground-based images there is almost no detectable
di†erence between a faint galaxy and star at the faintest
levels. Each source in the catalogs was assigned a ““ total
magnitude ÏÏ that is the brighter of the isophotal and
corrected-aperture magnitudes. In practice, this is the iso-
photal magnitude for 79.9% of sources to R\ 24.5 mag,

FIG. 4.ÈNumber counts of sources and their colors. The number counts have not been corrected for incompleteness, which appears to set inU
n
-selected

at mag.U
n
B 25
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42.5% to R\ 25.5 mag, 98.5% to mag, and 71.9%K
s
\ 19

to mag. It should be noted that under this deÐni-K
s
\ 20

tion, the total magnitudes are not expected to represent
entire source Ñuxes, because there may be signiÐcant Ñux at
large radius and low surface brightness around these
sources. Unfortunately it is not possible to accurately
measure this low surface brightness Ñux on a source-by-
source basis.

6. COLOR MEASUREMENT

To measure unbiased colors, the visual images were
smoothed with Gaussians to the same e†ective seeing as the

image. A catalog of over 500 objects common toK
s
-band

the visual and images were used to derive theK
s
-band

fourth-order polynomial transformation mapping the visual
images onto the image and vice versa (withK

s
-band

NOAO/IRAF tasks GEOMAP and GEOTRAN). Colors
were measured through matched apertures of diameter 2A.
For the G, and R-selected catalogs, colors were mea-U

n
,

sured in the smoothed visual image and the imageK
s
-band

transformed onto the visual coordinates. For the K
s
-

catalog, colors were measured in the smoothedselected
visual images transformed onto the image coordi-K

s
-band

nates and the image.K
s
-band

Color distributions for the four main catalogs are shown
in Figures 4È7. There are 1920 sources with magU

n
\ 25.0

in the catalog, 2863 with G\ 26.0 mag in theU
n
-selected

G-selected, 3607 with R\ 25.5 mag in the R-selected, and
488 with mag in the The full R-K

s
\ 20.0 K

s
-selected.

selected, and supplemental catalogs are givenK
s
-selected,

in Tables 2È4.

7. ASTROMETRY

Absolute positions were assigned to the R-selected
sources by comparison with the Williams et al. (1996) and
Phillips et al. (1997) catalogs. In the HST -imaged portion of
the Ðeld, absolute positions were found by identifying R-
selected sources with those in the Williams et al. catalog. In
the FF, the D100 sources in the Phillips et al. catalog were
identiÐed with R-selected sources. A quadratic transform-
ation was Ðt to the relation between COSMIC pixel loca-
tions and absolute positions for the identiÐed sources. This
transformation was used to assign absolute positions to all
sources in the R-selected catalog. These positions are given
in Tables 2È4. Comparison with the radio maps of the HDF
and FF (Richards et al. 1998) shows that the absolute posi-
tions have an rms accuracy of roughly (Cohen et al.0@.4
2000).

8. COMPLETENESS

It appears from Figures 4, 5, 6, and 7 that the catalogs are
complete to roughly G\ 26, R\ 25.5, andU

n
\ 25, K

s
\

20 mag. No completeness simulations have been performed
because the primary purpose of this study is to construct
catalogs for spectroscopy, not to measure ultradeep number
counts. For the latter study, better data exist and have been
analyzed. With typical colors, objects with R[ 24 mag and

mag cannot routinely, or with good completeness,K
s
[ 20

TABLE 2

R-SELECTED CATALOGa

R.A. Decl. R U
n
ÈG GÈR RÈK

s
(J2000) (J2000) (mag) S/N

R
b (mag) (mag) (mag) S/N

Un
c S/N

G
c S/N

R
c S/N

Ks
c

12 36 14.39 . . . . . . ] 62 12 37.5 22.68 25.3 . . . . . . . . . . . . . . . . . . . . .
12 36 14.47 . . . . . . ] 62 15 32.5 24.84 10.6 [1.04 1.28 . . . 4.33 5.11 7.03 0.00
12 36 14.52 . . . . . . ] 62 13 18.9 20.24 417.2 0.12 1.83 3.52 38.82 133.52 304.47 75.27
12 36 14.53 . . . . . . ] 62 13 26.9 20.98 61.2 0.86 0.97 2.37 12.29 83.91 86.97 7.43
12 36 14.53 . . . . . . ] 62 16 51.9 24.33 15.7 . . . 0.78 . . . 1.91 12.91 11.18 0.00
12 36 14.56 . . . . . . ] 62 12 27.8 25.30 6.9 . . . . . . . . . 2.28 8.50 [0.79 1.03

NOTE.ÈR.A. measured in hours, minutes, and seconds.
a Table 2 is published in its entirety in the electronic edition of the Astrophysical Journal Supplement. A portion is shown here for

guidance regarding its form and content.
b Signal-to-noise ratio for the total magnitude.
c Signal-to-noise ratios for the aperture magnitudes used in computing colors.

TABLE 3

CATALOGaK
s
-SELECTED

R.A. Decl. K
s

U
n
ÈG GÈR RÈK

s
(J2000) (J2000) (mag) S/N

Ks
b (mag) (mag) (mag) S/N

Un
c S/N

G
c S/N

R
c S/N

Ks
c

12 36 15.20 . . . . . . ] 62 14 55.4 18.57 8.9 . . . . . . 5.57 1.48 1.37 9.83 16.08
12 36 15.27 . . . . . . ] 62 12 21.7 17.92 15.2 1.32 2.49 2.57 6.25 65.22 274.20 28.31
12 36 15.75 . . . . . . ] 62 11 55.5 19.80 4.3 0.05 0.69 4.02 6.68 21.61 17.22 6.76
12 36 15.90 . . . . . . ] 62 12 37.4 17.24 19.0 [0.27 1.18 2.44 127.40 305.65 384.90 35.29
12 36 16.49 . . . . . . ] 62 10 56.2 18.98 7.2 [0.56 1.28 4.10 11.42 21.05 28.92 12.19

NOTE.ÈR.A. measured in hours, minutes, and seconds.
a Table 3 is published in its entirety in the electronic edition of the Astrophysical Journal Supplement. A portion is shown here for

guidance regarding its form and content.
b Signal-to-noise ratio for the total magnitude.
c Signal-to-noise ratios for the aperture magnitudes used in computing colors.
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TABLE 4

SUPPLEMENTAL CATALOGa

R.A. Decl. R U
n
ÈG GÈR RÈK

s
(J2000) (J2000) (mag) S/N

R
b (mag) (mag) (mag) S/N

Un
c S/N

G
c S/N

R
c S/N

Ks
c

12 36 19.85 . . . . . . ] 62 12 55.3 23.50 5.3 [0.89 0.97 . . . 3.77 5.12 5.32 0.00
12 36 27.97 . . . . . . ] 62 11 22.0 22.78 10.3 [0.85 0.98 . . . 7.02 9.89 10.31 [0.24
12 36 36.65 . . . . . . ] 62 13 46.6 20.32 99.9 [0.60 0.95 2.64 55.51 98.30 99.87 10.94
12 36 36.88 . . . . . . ] 62 13 45.7 21.20 44.1 [0.82 0.96 2.81 29.45 42.84 44.13 5.65
12 36 39.60 . . . . . . ] 62 12 30.2 23.82 4.0 . . . 1.41 . . . [0.58 2.55 3.96 0.11

NOTE.ÈR.A. measured in hours, minutes, and seconds.
a Table 4 is published in its entirety in the electronic edition of the Astrophysical Journal Supplement. A portion is shown here for

guidance regarding its form and content.
b Signal-to-noise ratio for the total magnitude.
c Signal-to-noise ratios for the aperture magnitudes used in computing colors.

be measured spectroscopically with the Keck Telescope, so
this catalog is appropriate for selection of a complete spec-
troscopic sample.

9. DISCUSSION

The results of this survey are entirely contained in
Figures 4È7. However, they can be compared with the

results of other authors. When divided by the solid angle of
the 8.6 ] 8.7 arcmin2 Ðeld, the integrated number of sources
is 1.3] 105 deg~2 to R\ 25.0 mag. This is consistent with
number counts from similar studies (e.g., Hogg et al. 1997b).
The color distributions are also consistent with the results
of previous studies, in mean and scatter (Hogg et al. 1997a,
1997b ; Pahre et al. 1997).

Number-Ñux relations of the power-law form d log N/

FIG. 5.ÈNumber counts of G-selected sources and their colors. The number counts have not been corrected for incompleteness, which appears to set in at
GB 26 mag.
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FIG. 6.ÈNumber counts of R-selected sources and their colors. The number counts have not been corrected for incompleteness, which appears to set in at
RB 25.5 mag.

dm\ Q, where Q is a constant, can be Ðt to the G-, andU
n
-,

R-selected catalogs over the 4 mag range terminating at the
completeness limits given in ° 8. In the catalog,K

s
-selected

the Ðt is performed only over 18 \ K \ 20 mag because
many studies have shown that the slope changes signiÐ-
cantly at K B 18 mag (e.g., Gardner, Cowie, & Wainscoat
1993 ; Djorgovski et al. 1995). The resulting faint-end slopes
are Q\ 0.42, 0.33, 0.27, and 0.31 for the G, R, andU

n
, K

scounts, respectively. These slopes are consistent with those
found in previous studies (Djorgovski et al. 1995 ; Metcalfe
et al. 1995 ; Hogg et al. 1997b ; Pahre et al. 1997).

Although all these observations are consistent with the
results of previous observational studies, the bulk of the
faint sources are signiÐcantly bluer than normal, bright gal-
axies would be if there were no evolution in galaxy spectra.
For example, a nonevolving spiral galaxy would have

mag at redshift z\ 0.6, and the bluest localR[K
s
B 3

galaxies would have mag, but in the samplesR[K
s
B 2.5

presented here, where the median redshift is roughly 0.6
(Cohen et al. 1999b, 2000), there are many galaxies with

mag. The appearance of this extremely blueR[ K
s
\ 2

population in faint samples is a consequence of the high star
formation rates at intermediate and high redshift relative to
those of the present-day universe, as inferred from metal-

licity in Lya clouds (Pei & Fall 1995), ultraviolet luminosity
density (Lilly et al. 1996 ; Connolly et al. 1997 ; Madau,
Pozzetti, & Dickinson 1998), and emission-line strengths
(Hammer et al. 1997 ; Heyl et al. 1997 ; Small, Sargent, &
Hamilton 1997 ; Hogg et al. 1998b). This evolutionary
e†ectÈthe decrease in star formation rate since redshift
unityÈis perhaps the most widely and independently con-
Ðrmed result in the study of Ðeld galaxy evolution.

The Hubble Deep Field (HDF) database was planned,
taken, reduced, and made public by a large team at the
Space Telescope Science Institute headed by B. Williams.
We thank the referee, A. Dressler, for timely and helpful
criticism. This study is based on observations made at the
Palomar Observatory, which is owned and operated by the
California Institute of Technology ; and with the NASA/
ESA Hubble Space Telescope, which is operated by AURA
under NASA contract NAS 5-26555. Primary Ðnancial
support was provided under NSF grant AST 95-29170.
Some additional support was provided by Hubble Fellow-
ship grants HF-01093.01-97A and HF-01099.01-97A from
STScI, which is operated by AURA under NASA contract
NAS 5-26555.
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FIG. 7.ÈNumber counts of sources and their colors. The number counts have not been corrected for incompleteness, which appears to set inK
s
-selected

at mag.K
s
B 20
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