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ABSTRACT

We describe a possible new class of X-ray sources that have robust detections in ul€haleda data yet
have no detections at all in our deep multiband Great Observatories Origins Deep Bubbby Space Tel escope
Advanced Camera for Surveys (ACS) images, which represent the highest quality optical imaging obtained to
date on these fields. These extreme X-ray/optical ratio sources (EXOs) have vakgg,pf at least an order
of magnitude above those generally found for other active galactic nuclei (AGNs), even those that are harbored
by reddened hosts. We thus infer two possible scenarios: (1) if these sources lie at redslefts , then their
hosts need to be exceedingly underluminous or more reddened, compared with other known sources, or (2) if
these sources lie above- 6—7 , such that even their ésnission is redshifted out of the bandpass of our ACS
Zgs, filter, then their optical and X-ray fluxes can be accounted for in terms of relatively nerimahosts and
moderate-luminosity AGNs.

Subject headings. galaxies: active — galaxies: evolution — galaxies: high-redshift— surveys —
X-rays: galaxies

1. INTRODUCTION X-ray/optical flux ratios (EXOs), which are robustly detected
A k tion i troohvsi th luti f (25—-89 counts) in the 2 ms HDF-N and reprocessed 1 ms CDF-

» Key guestion In astropnysics concerns € evolution ot g, 5in catalogs (Alexander et al. 2003). They are also detected
active galactic nuclei (AGNs) during the "quasar epo&*( iy near |RIHK imaging but completely undetected in our deep
2-3 and at higher redshifts, where their space density decllnesGreat Observatories Origins Deep Surybble Space Tele-

(Fan et al. 2001, 2003; Barger et al. 2003). Their evolution <0 :
. . pe/Advanced Camera for Surveys (ACS) survey, which to
appears to track the star formation rate (e.g., Steidel et al. 1999)date is the most sensitive and detailed optical imaging of these

thereby suggesting an empirical link between galaxy growth o s (Giavalisco et al. 2004). We discuss various possible
and AGN fueling. A connection between galaxies and AGNS ;0o retations for these objects. Throughout this Letter we
is also suggested by the black hole/bulge mass relatlonshlpadoptH — 70 km s' Mpc %, Q,, = 0.3 and®, = 0.7
(Ferrarese & Merritt 2000; Gebhardt et al. 2000). 0 T - A o

A powerful tool to investigate the physical nature of such
relationships is AGN X-ray emission, which above a few keV 2. OBSERVATIONS AND SAMPLE DESCRIPTION
can penetrate obscuration around AGNSs. Ultradeep X-ray sur- ]
veys with Chandra on the Hubble Deep Field—North (HDF- We began by matching the X-ray catalogs (Alexander et al.
N; Brandt et al. 2001) and Chandra Deep Field—South (CDF- 2003) to our ACS,, catalogs (Giavalisco et al. 2004); details
S; Giacconi et al. 2002) are sufficiently sensitive to reveal are in A. Koekemoer et al. (2004, in preparation) and F. E.
AGNSs beyond the tentative reionization epoeh~(6—7 ; Fan Bauer et al. (2004, in preparation). The matched sources are
etal. 2001, 2003), where optical information is no longer avail- mostly moderate-luminosity AGNs at~ 0.5-4  or star-forming
able. These surveys also probe more numerous, lower lumi-galaxies az < 0.5-1 (e.g., Hornschemeier et al. 2001; Schreier
nosity AGNSs atz~ 3-6, where u|tradeep 0ptica| and near-IR et al. 2001; _A_Iexander et al. 2001, Koekemoer _et al. 2002)
imaging can constrain their properties. The remaining sources were inspected in detail by overlaying

In this Letter we describe a sample of sources with extreme X-ray contours on theze;, and the combinBdas + Veeet
i,75 T Zgsoimages. Most of these had faint optical counterparts,

* Based on observations obtained with the NASA/BSudbble Space Tele- below the formal 10 ze, catalog threshold or undetected in
scope, which is operated by the Association of Universities for Research in Zgsg but detected in another band (perhaps high—equivalent
Astronomy (AURA), Inc., under NASA contract NAS5-26555. width Lya emitters). Detection izg,, or bluer bands suggests

2 Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, MD that these sources arezE 6 (Barger et al. 2003 Cristiani et
21218; koekemoe@stsci.edu. al. 2004) !

3 Institute of Astronomy, Madingley Road, Cambridge CB3 OHA, UK. ; . .

* Department of Astronomy and Astrophysics, Pennsylvania State Univer- ~Finally, there remained sources with no ACS counterparts
sity, 525 Davey Laboratory, University Park, PA 16802. within 2’4 (=10 times the positional uncertainty) iy, and

® Institut d’Astrophysique de Paris, 98bis Boulevard Arago, F-75014 Paris, the combinedB, ;s + Veos T i 775+ Z gsoimages, despite robust
France. ; ; _ ; —

® Yale Center for Astronomy and Astrophysics, Department of Physics (JWG detg%tllgnss mhthe X I’aﬁ/ main Cat?bgigg 8% Coumls%' We fOCUS.
460), Yale University, P.O. Box 208121, New Haven, CT 06520-8121. on -S where we have complete and near-IR coverage;

7 INAF-Osservatorio Astronomico, via Tiepolo 11, -34131 Trieste, Italy. HDF-N sources will be discussed separately (A. Koekemoer

8 Department of Physics_, and Astronomy, Johns Hopkins University, 3400 et al. 2004, in preparation)_ Five of these seven CDF-S sources
North Charles Street, Baltimore, MD 21218, hid-Strasse 2. GarchingH2VE fairly well-behaved X-ray exposure maps; the other two
D_85;’£%peé‘grmg‘r“y ern Lbservatory, Rar-schwarzschiid-strasse <, Larchinga e still detected idHK, thus are likely also real. The sources

10 Associated Universities, Inc., 1400 16th Street, Northwest, Suite 730, are also at a wide range of off-axis angles in tbieandra

Washington, DC 20036. image. We computedg,, upper limits from the pixel rms
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Fic. 1.—The seven CDF-S X-ray sources with no ACS counterparts, also showing the Son of ISAAC (BBFtletections. Each panel is "1bn a side.
Contours show 0.5-8 keXZhandra data, starting at 1, 2, and3and doubling thereafter.

(0.0017-0.0024 counts spixel™), integrated over a’@ x
0’2 aperture 4 x 4 ACS pixel box), to yield 8upper limits*
of g0~ 27.9—28.4(AB magnitudes).

3. EXOs: EXTREME X-RAY/OPTICAL RATIO SOURCES

The seven sources with no ACS counterparts are shown innondetections, also showing lines of constapF,

present the ACS upper limits and near-IR detections in Table 1.
To further investigate the nature of these sources, we examine
the relationship between their X-ray and optical fluxes (e.g.,
Maccacaro et al. 1988; Stocke et al. 1991). In Figure 2 we plot
Fos_skevVEISUKZ 4., for all the X-ray sources, including the ACS

(derived

Figure 1. We carried out photometry at the X-ray positions and from z,.,). At soft X-ray energies this ratio is complicated by
absorption and thermal gas emission (e.g., Beuermann et al.
1999), but these no longer dominate above a few keV, which

TABLE 1
OpPTICALLY UNDETECTED X-RAY SOURCES

' Using the same zero points as Giavalisco et al. (2004).

R.AZ Decl? Total Counts Fos s kev
(J2000.0) (J2000.0) (0.5-8 keV) (ergs s*cm?) Zoso J H K
03 32 08.39 —274047.0 8915 43 x 107 >279 252+ 1.3 233+ 02 248+ 1.1
03 32 08.89 —27 44243 273 3.8 x 10 >28.3 >25.9 248+ 05 238+ 0.6
03 32 13.92 -—27 50 00.7 4473 6.1 x 107*® >28.3 239+ 04 227+ 01 224+ 0.2
03 32 20.36 —27 42 28.5 425 8.7 x 10'® >28.3 >25.9 >25.1 >25.0
03 32 25.83 —27 51 20.3 25" 3.3 x 10 >28.4 >25.9 >25.1 23.3+ 04
03 32 33.14 -—27 52 05.9 4473 5.9 x 107 >28.4 257+ 11 248+ 05 254+ 15
03 32 51.64 —275212.8 4543 1.3 x 10 >28.4 >25.9 241+ 0.3 235+ 0.6

NotEe.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes,
and arcseconds.
2 Positions for the X-ray sources, from Alexander et al. 2003.
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Fic. 2.—Total X-ray flux (0.5-8 keV) againgt;, magnitude for all the X- Fic. 3.—Ratio of Fy s 5,y 10245, for all the X-ray sources, plotted against
ray sources, including those unidentifiedzi, diafnonds with arrows). Lines Zso— K. Symbol shapes are the same as in Fig. 2; however, shading represents

indicateF,/F,, = 0.1, 1, and 10 Symbol shading shows thg,—K  color of  z,, fainter sources being darker. Normal galaxies and starbufgts,( =
each source, ranging from light to dark fpt,—K ~ 0-5 . White symbais ( 0.1-1) are relatively blue, and the only redder objects are those with higher
shading) were undetected iK. Squares show our measured ACS magnitudes F,/F,,.

for sources reported as undetected in ground-based data by Yan et al. (2003), . . . . .
and triangles indicate X-ray-selected EROs in the Lockman Hole (Stevens et LOw-luminosity galaxies can host relatively luminous X-ray

al. 2003). sources, for example, the local dwarf NGC 4384, ¢ —16.5 )
with a central X-ray sourck, ;,..v~ 3 x 10°® ergs'qyHo et

al. 2001). However, such objects do not have the extremely red
colors of our sources. Moreover, ozy,, limits would imply a
distance modulus=45.3 mag, hencel, = 3 x 10*°-8 x

10" ergs s?, at least 10times above those for such dwarfs
locally. It would be highly interesting if the EXOs were low-
luminosity dwarfs with such extreme AGNs, but since we know
of no local analogs, we explore other alternatives.

is redshifted into the soft band far= 1-2 . Sources with
F/Fx = 0.1-10 are generally identified with AGNs; these
deep X-ray data also reveal normal galaxies and starbursts (e.g
Hornschemeier et al. 2003) wifg /F,,,  extending a few orders
of magnitude below AGNs, but aj,, = 24 these are lost from
the X-ray sample and the AGNs dominate.

Figure 2 also reveals that omy,, -undetected objects occupy
the high end of the~/F,,, plane, above most of the detected
optically faint sources. This is interesting, since it is not ex- .
pected a priori that optically undetected objects should have 4.1. Bvolved Galaxies
strong X-ray flux. We also plot our measured ACS magnitudes A possible alternative is that the EXOs may be at moderate
for CDF-S sources reported as undetected in ground-based dateedshifts and extremely evolved. 2t 1 | 2, 3, 4, 5, and 6, the
by Yan et al. (2003) and show extremely red objects (EROS) oldest possible populations (5.7, 3.2, 2.1, 1.5, 1.2, and 0.9 Gyr)
from previous studies (Alexander et al. 2002; Stevens et al.would have observed colog,,—K~1 , 4, 4.5, 3.5, 3.2, and
2003). 3, respectively, for a single-burst model with 0.3 solar metal-

In Figure 3 we plot~ /F,,, against,;,—K ; the normal gal- licity (S. Charlot & G. Bruzual 2004, in preparation). At least
axies and starbursts with /F,, = 0.1-1 are blue, while the ~1-2 mag of extinction would be required since we observe
only objects withz,,,—K >4 are those with high/F,,, (see no UV excess. These properties are comparable to those derived
also Brusa et al. 2002; Cagnoni et al. 2002). ldibtthe high for other X-ray EROs (e.g., Alexander et al. 2002; Brusa et al.
F/F,« objects are red; some are blue, with,—K ~0-2 , and 2002; Stevens et al. 2003). However, it is interesting to note
are likely unobscured AGNs. However, at high/F,,, ~ we also that theK-band magnitudes are100 times too low compared

find the reddest objects, with most of our undetecrggd to what is needed to place these objects onMig-o relation
sources at the extreme end with,—K = 4.2-6.2 . (see Woo & Urry 2002).
4. POSSIBLE CONSTITUENTS OF THE EXO POPULATION 4.2. Dusty Galaxies

We now examine various possibilities for these sources in  We next explore the amount of dust needed to achieve the
order to explain (1) deep optical nondetection, (2) robust X-ray high z,,,—K colors. If these sources were locak{ 0.1 ), then
detection, and (3) extremely red colors. We rule out main- z,,,—K = 4.5 would imply A, = 10-14 (Rieke & Lubofsky
sequence stars as these typically hBy#,, ~ 10°-0.1 (e.g., 1985; Calzetti 1997), depending on the stellar populations. This
Stocke et al. 1991). More exotic Galactic sources include low- would require a columhl,, = (2-5) x 10*> cm, which is too
mass X-ray binaries, cataclysmic variables, or neutron stars,high for the observed soft X-ray fluxes unless we invoke a
which generally have., ~10*-10* ergss(e.g., Verbunt highly interesting scenario in which the AGN is unobscured
& Johnston 1996 and references therein). At distaned3- while the rest of the galaxy is completely obscured.

100 kpc they would have X-ray fluxes10** ergs s* cm™, At higher redshifts, thé\, limits decrease sirgg, &nd
consistent with what is observed. However, the number of sample bluer rest-frame wavelengths. In the rangel -2.5
sources in our small survey area would imply total couit§— we inferA, = 5-2, comparable to similar objects discussed by

10 times above what is known for our Galaxy (e.g., Howell & Alexander et al. (2002), Smail et al. (2002), Stevens et al.
Szkody 1990; Alexander et al. 2001). Thus we turn to an ex- (2003), and Yan et al. (2003). Again it is interesting that the
tragalactic origin for the EXOs. EXO host luminosities at these redshifts, from thi€imag-
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nitudes, would place them at least 2 orders of magnitude away

from the Mg,-o relation implied by their X-ray fluxes, sug-
gesting atypical accretion rates (Woo & Urry 2002).

4.3. High-Redshift Lyman Break Galaxies

Finally we investigate the possibility that these sources are
at high enough redshifts to move the Lyman break out of the

Zgso filter. Yan et al. (2003) investigated similar possibilities for
their CDF-S sources undetected in ground-bagedaging but

detected with the Infrared Spectrometer And Array Camera
(ISAAC). We have in fact detected their sources in our ACS

KOEKEMOER ET AL.
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5. CONCLUSIONS

We have examined various possible explanations for a pop-
ulation of objects that have extreme X-ray/optical ratios
(EXOs), being robustly detected in ti@handra data in CDF-

S and HDF-N, yet completely undetected in our deep multiband
Buas T Veost 1 7751 Z 5 ACS images, which represent the most

sensitive optical imaging obtained to date on these fields. In
particular, the lack of detections even intheg,  band suggests
one of two possible scenarios: (1) if these sources lie at
Z < 6-7, then their hosts are unusually underluminous, or more

Z.s, data (Fig. 2) and agree with them that those sources are'eddened, compared with other known AGN hosts (even other

unlikely to be atz=5 . However, their sources are the only EROS), or (2) if these sources lie abave 67
ones withF, /F,,, comparable to our EXOs. Thus, if the EXOs their Ly emission is redshifted out of the AGg,,

, such that even
bandpass,

belong to the same population as the Yan et al. (2003) sourcesthen their optical and X-ray fluxes can be accounted for in

then their distance modulus #1.5-2mag higher. If the Yan
et al. (2003) sources are luminous E/SO galaxies with
1-2.5 this would translate ta ~ 2.5-6 for the EXO popula-

tion. The other possibility considered by Yan et al. (2003) is

that their sources may be higher redshift AGNs upzte
3-5 depending on extinction details. If EXOs are the high-

redshift extension of this population, this would place them at

terms of~L , hosts and moderate-luminosity AGNs. Deep near-
IR spectroscopic observations will help further elucidate their
nature.
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