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ABSTRACT

We present preliminary results from the first 3 months of theSwift Burst Alert Telescope (BAT) high Galactic
latitude survey in the 14–195 keV band. The survey reaches a flux of∼10�11 ergs cm�2 s�1 and has∼2�.7 (90%
confidence) positional uncertainties for the faintest sources. This represents the most sensitive survey to date in
this energy band. These data confirm the conjectures that a high-energy–selected active galactic nucleus (AGN)
sample would have very different properties from those selected in other bands and that it represents a “true”
sample of the AGN population. We have identified 86% of the 66 high-latitude sources. Twelve are Galactic-
type sources, and 44 can be identified with previously known AGNs. All but five of the AGNs have archival
X-ray spectra, enabling us to estimate the line-of-sight column densities and other spectral properties. Both of
the objects are blazars. The median redshift of the others (excluding radio-loud objects) is 0.012. Wez 1 0.11
find that the column density distribution of these AGNs is bimodal, with 64% of the nonblazar sources having
column densities cm�2. None of the sources with (cgs units) show high column densities,22N ≥ 10 logL 1 43.5H X

and very few of the lowerLX sources have low column densities. Based on these data, we expect the final BAT
catalog to have1200 AGNs and reach fluxes of less than∼10�11 ergs cm�2 s�1 over the entire sky.

Subject headings: galaxies: active — gamma rays: observations — surveys

Online material: machine-readable table

1. INTRODUCTION

It is now realized that most active galactic nuclei (AGNs) have
high column densities of absorbing material in our line of sight
that significantly change their observable properties across much
of the electromagnetic spectrum. This material can effectivelyhide
the soft X-ray, optical, and UV signatures of an active nucleus.
There are two spectral bands, the hard X-ray ( keV) andE 1 20
the mid-IR (5–50mm), where this obscuring material is relatively
optically thin for column densities less than 1024 cm�2. Thus, these
bands are optimal for unbiased AGN searches (Treister & Urry
2005). Recent observations with theSpitzer Space Telescope are
revealing many AGNs via their IR emission (Stern et al. 2005),
but this process is hampered by strong emission from star for-
mation and the lack of a unique spectral signature to separate
AGNs from normal galaxies.

There has been little progress in hard X-ray surveys in the
last 25 years due to a lack of instruments with sufficient angular
resolution to identify counterparts in other wavelength bands
or with sufficient sky coverage and sensitivity to produce a
large sample.INTEGRAL observations are predominantly in
the Galactic plane, and high-latitude coverage is patchy.

Here we report preliminary results from theSwift Burst Alert
Telescope (BAT) high Galactic latitude ( ) survey. Al-FbF 1 19�
though this report is based on only the first 3 months, we detect
66 sources above 5.5j significance. Only nine of the sources
do not have firm identifications. Being basically unaffected by
obscuration, BAT determines the intrinsic 14–195 keV lumi-
nosity,LX. The survey is already about 10 times more sensitive
than the previous large solid angle survey in this band from
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HEAO 1 A-4 (Levine et al. 1984) and covers the whole sky
at ∼(1–3) # 10�11 ergs cm�2 s�1.

2. OBSERVATIONS

The BAT instrument onSwift is a very large field-of-view–
coded aperture, hard X-ray telescope with a CdZnTe detector array
(∼ of the sky is at least partially coded at any one time). While1
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primarily designed for the detection and rapid dissemination of
gamma-ray burst positions, the BAT is also an effective all-sky hard
X-ray monitor and survey instrument. The BAT focal plane consists
of a 0.5 m2 CdZnTe array, divided into 32,768 detectors, providing
good sensitivity and energy resolution in the 14–195 keV energy
range. BAT can reach∼65 mcrab in a typical 450 s integration and
typically covers 50%–80% of the sky each day. The effective ex-
posure during the first 3 months varies over the sky from 200 to
800 ks. Away from the Galactic center region, the sensitivity scales
as the square root of the exposure and so varies by a factor of 2
(Fig. 1). The statistical quality of the BAT survey map can be
assessed by comparing positive and negative fluctuations. Figure 2
shows the excess in positive fluctuations of individual pixels. With
the reconstruction algorithm used, each source appears in several
correlated pixels; the source detection significance is approximately
the peak value. Since the noise distribution is symmetric, and since
there are no pixels!�5.5 j, we expect no false detections above
our �5.5 j threshold. We estimate that the sensitivity limit is
!0.5 mcrab for∼50% of the sky.

The survey is based on individual sky images produced using
fast Fourier transforms (FFTs) to correlate the detector data from
one pointing (typically a few thousand seconds) with the mask
pattern. The FFT is oversampled by a factor of 2 to prevent loss
of sensitivity at bin boundaries. Each image is a tangent plane
projection with a point-spread function (PSF) of 22� FWHM at
the image center. A single image has very nonuniform sensitivity
due to partial coding at the edges (we exclude regions with!15%
partial coding). Background variations around the orbit and other
systematic effects cause the noise to vary both spatially and
temporally. To achieve a good sensitivity, it is necessary to clean



L78 MARKWARDT ET AL. Vol. 633

Fig. 1.—BAT all-sky sensitivity and exposure statistics. Dots (top; right
scale) represent the 5j pixel sensitivity threshold. The gray band corresponds
to the function , extrapolated to larger exposures�0.58.5� 1.5 mcrab (T/20 ks)
T. The solid line (bottom; left scale) is the cumulative sky coverage with an
exposure of greater thanT, expressed as a percentage of the solid angle an-
alyzed (100%p ).0.67# 4p

Fig. 2.—Distribution of BAT all-sky map pixel significances. The best-fit
Gaussian curve (dashed curve) has a mean and standard deviation of 0.002
and 1.009, respectively. The vertical dotted line is the pixel-detection threshold
of 5.5 j. Insets: Example BAT-detected sources overlaid on DSS images cen-
tered on MCG�5-23-016 (left) and 3C 390.3 (right), respectively. The images
are 8� on a side (east is left, north is up). The larger circles represent the BAT
90% and 99% confidence regions for significances of 26j (MCG �5-23-016)
and 10j (3C 390.3). The small box identifies 3C 390.3.

TABLE 1
BAT Detections of AGNs

Swift Name
R.A. (J2000)

(deg)
Decl. (J2000)

(deg)
Err.a

(arcmin) Identification
Offset

(arcmin) z
log NH

(cm�2) Ref.

b,c,dlog LX

(ergs s�1 cm�2) RLe Typef

J0048.8�3157 . . . . . . 12.200 31.963 4.8 Mrk 348 0.4 0.0150 22.9 1 43.7 N Sy

Note.—Table 1 is published in its entirety in the electronic edition of theAstrophysical Journal. A portion is shown here for guidance regarding its form
and content.

a Error radius (99% confidence).
b BAT luminosity, 14–195 keV.
c Estimated systematic error:�20%, �50%.
d Assumes aWMAP cosmology ( km s�1 Mpc�1, , ; Spergel et al. 2003).H p 71 Q p 0.27 Q p 0.730 M L
e Radio-loud? Np no; Y p yes.
f Sy p Seyfert; Blp blazar.

References.—(1) Turner et al. 2001; (2) Lutz et al. 2004; (3) this work (XMM-Newton); (4) Gilli et al. 2000; (5) this work (ASCA); (6) Gondoin et al. 2003;
(7) Vignali & Comastri 2002; (8) Perlman et al. 2005; (9) this work (Chandra).

from the data the effects of bright sources and of constant back-
ground nonuniformities. The noise in the resulting cleaned im-
ages is often near the statistical limit. However, some excess
noise remains, so uncertainties used in this analysis are calculated
from the observed rms noise in the images. These images are
interpolated and combined to form an all-sky map with 5� sam-
pling. Pixel weights are based on the local rms noise in the
component images. The rms error is then recalculated, and the
image is searched for local maxima greater than 5.5j. Each
maximum is least-squares–fitted with a Gaussian PSF to derive
a position and flux.

The output from two separate analysis pipelines (one devel-
oped by authors C. B. M. and J. T. and the other by G. K. S.),
using somewhat different background correction and image com-
bination algorithms, have been compared, and they agree well.

Figure 2 shows the BAT confidence contours plotted on the
images of two known sources, illustrating the variation in po-
sition accuracy with source significance. The systematic and sta-
tistical errors are estimated by comparing∼1800 BAT position
measurements with the known positions for∼60 X-ray sources.
The precision improves from∼3�.7 (95% confidence radius) for
sources at∼6 j significance to∼0�.9 at120 j significance. For
these early data, the flux calibration is uncertain by∼30% as a
result of the spectrally dependent count rate–to–flux conversion.

At present, the calculation of exposure as a function of sky
position is still approximate. Consideration of the –log N log S
distribution and of source spectra are thus left to a later paper.

3. RESULTS

Our list contains 66 sources at , of which 12 canFbF 1 19�
be identified as Galactic or SMC/LMC objects, and 45 have
clear identifications with cataloged optical objects (see, e.g.,
the catalog of Veron-Cetty & Veron 2003). Except for the Coma
Cluster, all 45 are known AGNs (Table 1). Of the nine re-
maining detections, we have tentative identifications for four
cataloged objects that do not have brightROSAT counterparts.
Two of the unidentified detections areRXTE slew survey
sources (XSS J05054�2348 and XSS J12389�1614, which
have nearby bright galaxies). Three sources do not have ob-
vious optical counterparts. All but five of the cataloged AGNs
(ESO 297-018, NGC 1142, MCG�04-22-042, ESO 323-077,
and Mrk 1498) have published or available X-ray spectra.

The identified sources are dominated by low-luminosity, low-
redshift objects. There are three blazars (3C 273, 4C�71.07,
and Mrk 421) and five radio-loud AGNs (3C 390.3, Cen A, 3C
120, 4C�74.26, and Mrk 1498), consistent with the roughly
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Fig. 3.—Correlation between absorption and BAT hard X-ray luminosity
(filled circles; top). The crosses show the mean and standard deviations of the
luminosity in severalNH bins. The distribution of absorptions for BAT-detected
sources is shown in the bottom panel (solid line). Also shown are the distri-
bution predicted by Hopkins et al. (2005a) (dashed histogram) and a Gaussian
fit to the bins for (solid histogram; centroidp 23.0; j p 1.1).log N 1 21H

The peaks at are artificial: for the BAT sources, the peak islog N ∼ 20–21H

an upper limit to the measurable absorption in the 2–10 keV band; Hopkins
et al. collect all sources for into a single bin.log N ! 21H

10% of all AGNs that are thought to be radio-loud. The line-
of-sight column densities and X-ray fluxes of the 39 objects
(three blazars and 36 Seyfert galaxies) with X-ray spectra have
been obtained primarily byASCA or BeppoSAX (e.g., Lutz et
al. 2004). In those cases for which Lutz et al. do not quote a
column density, we have used results from the TartarusASCA
database or from archivalXMM-Newton or Chandra data. Be-
cause the Tartarus database uses only simple spectral models,
the precision of column densities is only�0.5 dex. However,
this is sufficient to categorize whether the objects as heavily
absorbed or not.

Assuming a typical power-law spectrum ( ), a con-G ∼ 1.7
servative absorption column ( ), and the BAT lim-log N p 24H

iting flux, we derive a 2–10 keV limiting flux of∼10�12 ergs
cm�2 s�1. Using the flux distribution of Moretti et al. (2003),
we expect!0.01 chance sources per BAT error circle, and hence
!1 misidentification overall.

Excluding the blazars, the median redshift isz ∼ 0.012
(the mean is 0.018), giving a median in the 14–log L p 43.3X

195 keV band and a median column density of logN pH

. The X-ray luminosity versus column density scatter plot22.6
for the nonblazars (Fig. 3) shows an absence of high column
density, highly luminous sources.

A surprising result from our survey is the very high fraction
of identified sources. InHEAO 1 (Piccinotti et al. 1982), ap-
proximately half of the 2–10 keV X-ray–selected AGNs were
“new” objects. In the deepChandra surveys (Barger et al. 2005),
approximately a third of all sources did not show a strong optical
AGN signature. We thus anticipated that many of the BAT hard
X-ray–selected objects would not have a cataloged AGN coun-
terpart. The high identification rate of this first BAT sample
shows that, contrary to some suggestions, classical optical tech-
niques have been successful at finding objects with high line-
of-sight column densities in the low-redshift universe.

Defining an absorbed object as one with (Uedalog N ≥ 22.0H

et al. 2003), the ratio of absorbed to unabsorbed objects is
1.8:1 (excluding the blazars), somewhat less than suggested by
the standard “unified” AGN models. The distribution of column
densities is approximately bimodal (Fig. 3). The fact that a
ratio of 1:3 was found by Sazonov & Revnivtsev (2004) for
identified sources in theRXTE slew survey indicates the
strength of the bias toward the detection of unobscured objects
in 2–10 keV low-redshift X-ray surveys.

The distribution of optical classes of the BAT sources is very
different from those in an optical color-selected or line-selected
survey, with only 20% of the objects being optically classified
as Seyfert I galaxies, compared with∼40% in optical surveys
at low redshift. This illustrates the power of a hard X-ray survey
to find all classes of AGNs.

Given the limited sensitivity of the BAT survey (all but 15%
of the sources are brighter than∼ ergs cm�2 s�1), it�113 # 10
is surprising that many are not in theHEAO 1 A-2 catalog
(Piccinotti et al. 1982). Most of the 18 objects not seen by
HEAO 1 were clearly missed due to obscuration, since 12 of
them have column densities greater than 1023 cm2. Three of
these “missing” objects (Ark 120, 3C 390.3, and 4C�74.26)
are known to be highly variable.

Comparison of theHEAO 1 2–10 keV fluxes with the more
recentRXTE fluxes (Revnivtsev et al. 2004) shows a variation
of ∼60% in flux, with only∼10% of the objects showing more
than a factor of 2 variability across the∼20 years between these
two data sets. While theRXTE slew survey is much more sen-
sitive than BAT for unabsorbed objects, at least eight BAT

sources were not detected in theRXTE data (Mrk 348, Mrk 1498,
NGC 3081, UGC 5037, NGC 1142, and NGC 1365). Of these,
three have high column densities, and three do not have X-ray
spectra.

Most (36/44) of the AGNs have catalogedROSAT fluxes
(taken from the ROSPSPC catalog when available, otherwise
taken from theROSAT All-Sky Survey database). There is little
or no correlation between the BAT andROSAT fluxes. This is
not surprising because the scatter in theROSAT rates is dom-
inated by the effect of different degrees of intrinsic absorption
in the sources, whereas these have relatively little effect in the
BAT energy range. This illustrates the difficulty of constructing
a complete AGN sample from soft X-ray data. Since there is
a very strong relation between optical nuclear and soft X-ray
flux (Mushotzky 2004; Barger et al. 2005), samples based on
optical data are subject to similar difficulties.

A crucial component for models of the X-ray background is
the distribution ofNH values. Our data determine this distribution,
in an unbiased way, for the first time. There is little evidence
for variation ofNH with LX below , but above thislog L p 43.5X

luminosity, drops to∼20.9 compared with 22.9 belowAlog N SH

it. This break point occurs around the characteristic luminosity
of AGNs in theChandra surveys of (correctedlog L ∼ 43.8X

for the bandpass differences; Barger et al. 2005) and is probably
related to this feature. The only object at with alog L 1 43.5X

high line-of-sight column density is EXO 055620�3820.2. This
object (Crenshaw & Kraemer 2001) has complex absorbing ma-
terial (Quadrelli et al. 2003) that seems to be associated with the
host galaxy. In the entire BAT AGN sample, including low-
latitude objects, there are no extragalactic objects with !log LX
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42.5 that are not heavily absorbed. This is not a selection effect.
While such objects clearly exist (e.g., NGC 3998; Ptak et al.
2004), they must be rare. The BAT data establish thez p 0
relationship of absorption and luminosity needed to model the
evolution of hard X-ray sources (e.g., Mateos et al. 2005).

Recently, Hopkins et al. (2005a, 2005b) have constructed
physical models that apparently can explain much of the ob-
served evolution of AGNs and the differences between samples
in different wavelength bands. These models only correctly
predict the observed absorption distribution when they include
cold material in the line of sight. The predicted distribution of
column densities and the predicted loose correlation between
LX andNH are in rough agreement with the BAT data. However,
this model completely misses the observed sharp reduction in
high NH objects at high luminosity.

Comparing the BAT luminosities with 3.5 or 10mm IR lu-
minosities (e.g., Lutz et al. 2004; Gorjian et al. 2004) shows
little or no correlation. A similar lack of correlation of the IR-
to-BAT flux ratios with X-ray absorption indicates a wide scatter
between observed IR properties and the intrinsic properties of
AGNs. Previous work (Krabbe et al. 2001) had reported a strong
correlation between the 10mm IR fluxes and the hard X-ray
fluxes, naı¨vely expected if the near-IR is dominated by AGN
light that is relatively unabsorbed. However, in the newSpitzer
results (Franceschini et al. 2005), such a correlation is only seen
for type I objects. This lack of correlation may be due to ad-
ditional IR radiation from star formation, high optical depths
even at 10mm, or additional scatter introduced by reprocessing
of the nuclear radiation in the IR. The absence of a correlation
makes the analysis using the unified models to connect the IR
and X-ray data suspect (Treister & Urry 2005). Similarly there
is little or no correlation between BAT and [Oiii] luminosities.

The BAT sample allows a true measure of the nature of the
low-z hosts of active galaxies. Of the 24 objects in the sample
with “T” types as categorized in the Third Reference Catalogue
of Bright Galaxies (de Vaucouleurs et al. 1991), nine have T
types!0, indicating a spheroidal host fraction of∼40%, similar
to that seen in theChandra surveys and the SDSS data (Kauff-
mann & Heckman 2005; Grogin et al. 2005). This is much
larger than the fraction in classical optical surveys. However,
none of the objects is classified as a giant elliptical galaxy,

which is rather different than the results ofChandra surveys,
probably due to the low redshifts probed by the BAT sample.

It is interesting to note that all the broad-line radio galaxies
detected byHEAO 1 (Marshall et al. 1979; 3C 111.0, 3C 120,
3C 382, and 3C 390.3) are detected by the BAT, indicating
that radio galaxies may have systematically harder X-ray spec-
tra in the BAT band than Seyfert galaxies.

4. CONCLUSIONS

We have shown the usefulness of a sensitive, large solid
angle hard X-ray survey in defining the nature of the AGN
population. As predicted by models of the X-ray background,
the dominant source populations are absorbed AGNs, which
are very different from an optically or soft X-ray–derived AGN
population. We derive the true distribution of the absorbing
column density with X-ray luminosity and find that while vir-
tually all sources with are absorbed, those withlog L ! 43.5X

higher luminosities are mostly unabsorbed. This luminosity
corresponds to the break in the X-ray luminosity function and
is a strong clue to the nature of the absorbing material and the
origin of the feature in the luminosity function. We find little
correlation between other measures of the luminosity of ab-
sorbed AGNs (e.g., [Oiii], 3.5 or 10mm luminosity) and the
hard X-ray luminosity, suggesting that previous techniques may
have unsuspected biases in finding and measuring absorbed
AGNs. The high identification fraction (∼86%) is somewhat
unexpected given our previous knowledge of these sources and
bodes well for the much larger samples that the BAT will obtain
over the next 2 years.

Further work on the present sample will include determi-
nation of the – of the hard X-ray sample, the lu-log N log S
minosity function, and spectral and temporal analysis of the
BAT-selected AGNs directed toward a detailed understanding
of the relationship of the hard X-ray to other wavelength bands.
Preliminary estimates indicate that an eventual 3(�) yr BAT
high-latitude catalog will have more than 200 AGNs, which
will allow us to make extensive correlation analyses.

We thank the BAT andSwift teams for their extensive efforts,
which have made this work possible.
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