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abstract

In this paper we discuss the prospects for infrared surveys of QSOs using FMOS on the Subaru Telescope.  We discuss the current state of the art regarding QSO surveys, and how future projects might address outstanding questions.  In particular, selection of QSOs from wide-field infrared imaging data will allow a census of the obscured and unobscured populations over large areas.  Infrared spectroscopy from FMOS will be crucial in identifying obscured sources.   Detailed investigations of the spectral properties of large samples of AGN will also be enabled by FMOS, probing the rest-frame optical spectra of QSOs at high redshift.  We highlight the advantages of combined optical and near-IR spectroscopic follow up, as well time resolved spectroscopy.

 AUTONUM   Introduction

The new generation of QSO surveys provides us with an unparalleled database for the study of cosmological questions and investigations into the properties of AGN.  These surveys cover many different wavebands and selection methods. At the longest wavelengths the major radio surveys such as FIRST [1] and NVSS [2], combined with optical spectroscopic follow up [3] have provided significant advances in our understanding of radio-loud AGN.  The 2dF QSO Redshift Survey (2QZ; [4]) and the Sloan Digital Sky Survey (SDSS; [5]) have been largely responsible for the massive increase in the numbers of known QSOs over the last five years.  In particular, most QSOs now form part of a few well-defined and homogeneous samples, rather than the previous assortment of small heterogeneous samples.  While not containing the larger numbers of the 2QZ and SDSS samples, deep X-ray selected surveys based on data from Chandra and XMM-Newton (e.g. [6]) have probed down the luminosity function.  These samples contain many sources fainter than those in the optical samples, including obscured sources, although limited to a much smaller area.

Infrared AGN surveys where the selection and/or follow up spectroscopy is carried out in the infrared can fill an important role.  Infrared selection provides a mechanism to select QSOs that is minimally affected by dust obscuration, and also allows us to find the rare QSOs above the z=6-7 range that has already been probed by the SDSS [7].  With the next generation of wide field infrared imaging surveys (e.g. WFCAM on UKIRT, and VISTA) infrared selection will provide a powerful new technique to generate databases of many thousands of QSOs.  By taking spectra of AGN in the infrared, we are also obtaining rest-frame optical spectra of QSOs up to quite considerable redshifts.  This allows us to directly compare the spectra of high and low redshift QSOs in the same spectral regions.

In this paper we will first discuss the current state-of-the-art regarding QSO surveys, highlighting their successes and pointing to questions that remain unanswered in Section 2.   In Section 3 we will then discuss red AGN and how to select AGN in the infrared.  In Section 4 we discuss probes of the time domain and variability.  Finally we present a summary in Section 5.

2. Current QSO Surveys and remaining questions

The current state of the art regarding QSO surveys is a mix of large homogenous optical samples such as the 2QZ and SDSS, and much deeper, but smaller X-ray samples based on observations with Chandra and XMM-Newton.  Here we will concentrate on results from the optical samples (see Akiyama et al. in this volume for a discussion of X-ray surveys). 

The 2dF QSO Redshift Survey (2QZ; [4]) contains over 23000 QSOs at 0.3<z<3.0 with bJ<20.85 in a single homogeneous sample, which is ideal for carrying out detailed statistical analysis.  The total survey area is 721.6 deg2, when allowance is made for regions of sky excised around bright stars.   The complete 2QZ is now publically available (see: www.2dfquasar.org).  The main goals of the survey were to map out large-scale structure at high redshift, and thus determine the form of the power spectrum, as well as place constraints on cosmological parameters.  The Sloan Digital Sky Survey (SDSS; [5]) aims to obtain spectra of ~100000 QSOs to i<19.0 (at low z) and i<20 (at high z).  Although this survey will contain larger numbers of QSOs than the 2QZ, the lower space density due to the brighter flux limit means that their sensitivity to clustering measurements will be comparable.  A key advantage of the SDSS is the high precision digital photometry used to select the QSOs and the high signal-to-noise spectra obtained.   In particular, the high quality photometry has allowed the discovery of a number of high redshift QSOs.  Below we summarise some of the results from the 2QZ and SDSS.
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2.1 Mapping large-scale structure at high redshift

The 2QZ currently provides the most accurate measurements of clustering at z=1-2.  The distribution of QSOs in the final survey is shown in Fig. 1.  In particular, on small scales we have measured ((s) for the 2QZ in redshift space. This is shown in  Fig. 2a for the 2QZ averaged over the redshift range 0.3<z<2.9, assuming the ( cosmology ((m=0.3, ((=0.7).  The measured ((s) is very similar to that found for low redshift galaxy samples.  The best-fit power law is 
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. We also fit CDM models (Fig. 2a) normalised such that normal galaxies are virtually unbiased at the present day [8].  The best-fit CDM models have a shape parameter (=0.1, with slightly more large-scale structure than standard models (but not significantly so).  The scaling of the model gives us the mean bias of the QSOs, bQSO~2 at z~1.4.   In Fig. 2b we show the best-fit clustering scale length s0 as a function of redshift.  We find no 
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Significant evolution of clustering with redshift.  The clustering amplitude of the QSOs is also consistent with that found in z~3 Lyman-break galaxies [9].  The data are also clearly inconsistent with linear evolution (solid line), and thus bQSO must be a function of redshift.  A model with cosmologically long lived QSOs [where b(z)=1+(b(0)-1)G((m,((,z) and G is the growth factor for density perturbations] are also ruled out at high (>99.99 %) significance (dotted line).  A number of authors (e.g. [10],[11]) have constructed more detailed models based on the Press-Schechter [12] formalism to constrain the typical lifetime of QSOs via clustering measurements. Comparison to the current data suggest that QSO lifetimes, at least at z~2, are ~106 years with typical halo masses of 1012Msun.  Models which include the effects of gas and stars [13] increase the typical time scale, but only to ~107 years.

The power spectrum, P(k) is a better alternative for studying structure on the largest scales.  The 2QZ P(k) has been measured by Outram et al. [14].  The shape of the QSO P(k) is well described by a generic CDM model parameterised by the shape parameter (.  For the ( cosmology the best-fit value is (=0.13(0.02.  Comparisons to the power spectra from other surveys show that the amplitude and is similar to that found for local galaxies (e.g. the 2dFGRS; [15]), but is much lower than that found for galaxy clusters [16], consistent with results found from ((s). Outram et al. also carry out detailed fitting of CDM models which incorporated a significant baryonic component, fitting for (b/(m and (mh, where (m=(CDM+(b, assuming a scale-invariant initial power spectrum and a flat Universe ((m+((=1).  This results in best fit parameters of (b/(m=0.18(0.10 and (mh =0.19(0.05. The effect of the baryonic component is detected at marginal significance and the best fit is very close to that found from a similar analysis carried out on the 2dFGRS [15].

2.2 QSO evolution

It has been long known that the QSO population exhibits strong evolution with redshift.  QSOs are much more luminous (or more numerous) at high redshift than they are at the present day.  In the optical, this evolution is accurately modelled by “pure luminosity evolution”, where the shape and normalisation of the QSO luminosity function (LF) remains unchanged, but the characteristic luminosity, L*, which defines the position of the break in the LF scales with redshift.  Croom et al. [4] find that L*(exp(6.15() at z=0.4-2.1, in a ( cosmology, where ( is look-back time, from the final catalogue of the 2QZ survey together with the bright extension of the 2QZ, carried out on UK Schmidt Telescope using the 6-degree Field multi-fibre spectrograph (see Fig. 3).  At higher redshift (z>2.5) the shape of the LF is uncertain, as surveys do not currently probe past the expected break in the LF.  However, it is clear from the low number density of QSOs at z=4-6 [7] that the evolution does turn over at z=2-3, such that there are less bright QSOs at the highest redshifts.  Probing further back (past z=7) will be crucial in trying to understand how and when the first QSOs formed, and these can only be found from large area infrared imaging surveys (e.g. UKIDSS using WFCAM on UKIRT).  Of course, the very low space density of these sources means that they would not typically be followed up by FMOS.  As well as optical surveys, the deep X-ray surveys  have also probed the AGN LF, in particular Ueda et al. [17]  have shown that the X-ray LF is better described by a more complex evolution (e.g. luminosity dependent density evolution) that the optical LF.  The ultra-deep Chandra surveys [6] allow both obscured and faint AGN to be detected, and so is probing a different population to the optical LF.  It is critical to try to understand how the two LF determinations in the optical and X-ray can be consistent with each other.

2.3 Spectral properties

QSO spectra should contain a wealth of information regarding the physics of the central engine.  However, our [image: image4.png]s, (n~'Mpc)
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understanding of that central engine is currently rather crude.  In particular, the strong broad emission lines seen the in 
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the spectra of QSOs, should in principle allow us to determine properties such as the mass of the central super-massive black hole.  This has been a popular approach in the last few years (e.g. [18],[19]), however is increasingly hard at high redshift.  The UV lines, which have typically been used for high redshift black hole mass estimates, are generally high ionisation lines (e.g. CIV).  These appear to show significant asymmetries [20], potentially caused by outflows which will break the assumptions made when determining black hole mass (e.g. Keplerian motion of the line emitting gas).  The strength of emission lines is also correlated to continuum luminosity (the so-called Baldwin effect [21]).  This is seen clearly in composite spectra from the 2QZ (see Fig. 4), with the equivalent widths of emission lines becoming weaker with increasing continuum luminosity.  This is also seen in narrow forbidden lines.  Although the exact cause of the Baldwin effect is still uncertain, the narrow emission line effect could be due to a scaling of the size of the narrow-line region with luminosity.  Infrared spectroscopy provides a major advantage in these investigations, as it allows us to observe the rest-frame optical features (e.g. H() over a broad redshift range, and thereby disentangle redshift and luminosity effects, as well as determine black hole mass estimates for lower ionisation lines which are more robust.

3. Red AGN

QSO selection for spectroscopic follow up is possible is a number of different ways.  The traditional optical techniques have the advantage of being able to cover large areas, and are fairly complete for typical “broad line” AGN.  However, these are largely based on the fact that these sources are bluer than galactic stars in the near-UV/optical.  This originally led to the UV-excess (UVX) technique, which was followed by multi-colour techniques.  For QSOs at z>2 the dropout technique is also used to identify the strong break associated with Lyman-( and Lyman break absorption.  The optical colour selection methods are in large part dependent on a strong UV emission from the AGN, however these will clearly miss objects that have a red continuum.  A second crucial point is that most surveys are flux limited in a blue band (note the SDSS QSO sample is limited in the i-band), which means that even without colour selection incompleteness, red objects will tend to be under-represented in such samples.  A flux limit in a redder band will tend to select objects with redder underlying continuum (as seen in the SDSS sample [23]).  An alternative to UV/optical selection is to select QSOs on the basis of their red colours in the near IR, and to have a flux limit also in the near IR.  Warren et al. [24] have proposed the K-excess (or KX) method of QSO selection, they show that QSOs have J-K colours that are redder than stars over a wide range of redshifts and SED slopes.  This is due to the power-law nature of the QSO spectra, as compared to the black body spectra of stars.  Colour selection in, for example, the R-J vs. J-K plane therefore gives complete QSO samples up to z~4-5 (the upper redshift limit being defined by the bluest of the bands chosen for the selection).  The reddening vector is directed parallel or away from the stellar locus, and thus such a sample would not be biased against red or reddened QSOs, at least with respect to their colour.  A second major advantage is that this selection is not biased against QSOs in the z=2-3 range where traditional optical selection methods are highly incomplete.

The development of large area near IR surveys over the next few years (e.g. UKIDSS using WFCAM on UKIRT, or a VISTA survey), combined with large optical imaging programs (SDSS, VST), means that such a selection could be carried out over a large area (several hundred square degrees).  Spectroscopic follow up of such imaging surveys will require large field of view multi-object spectrographs.  Many of the QSO candidates selected will be bright enough to be observed with optical spectrographs (e.g. 2dF), however, a portion of these sources (the reddest ones) will require follow up with infrared spectroscopy.  These could usefully form part of an integrated survey (including high redshift galaxies) to be carried out with FMOS.  For regions with deep IR observations, the target density will be high enough to use most or all of the FMOS fibres.

Selection methods other than UV/optical/near-IR are available.  In particular, hard X-ray (e.g. Chandra, see Akiyama et al. in this volume) and mid/far-IR (e.g. Spitzer, see Oliver et al. in this volume).  However these will generally cover smaller areas of sky than would be possible with near-IR surveys.  As they probe different parts of the AGN SED, they are generally complimentary to the selection discussed above.  A full understanding of the AGN population will only come from studying the population over the widest possible baselines in wavelength.

4. The Time domain

Lastly we discuss an area that is starting to be recognised an important tool in our armory to understand AGN physics.  AGN are known to vary on a broad range of times-scales, and this has be used to great effect by reverberation mapping programs (e.g. [25]) to try to determine the scale of the broad emission line region in AGN.  This in combination with the width of the line allows an estimate of the central black hole mass.  Reverberation mapping of multiple lines in individual objects also allows us to start to understand the stratification of the emission line regions.  In both these aspects broad wavelength coverage is important, if not crucial.  A combination of optical and infrared spectroscopic monitoring can provide this, allowing, for example, the investigation of black hole masses via the observation of H( to high redshift, and the difference between the regions emitting the Balmer lines and higher ionisation UV metal lines.  This sort of project would require monitoring over several years (maybe tens of years) of a few hundred QSOs, so the only practical way to carry this out would be with multi-fibre systems.  Again, a combined survey using both FMOS and an optical spectrograph (e.g. 2df) would allow the best science outcomes.

5. Summary

In summary, the multi-waveband approach to AGN astronomy will undoubtedly continue to bare fruit.  The addition of large multiplex IR spectroscopy with FMOS will enable investigations into the AGN population that were previously impossible.  In particular new large area surveys will allow selection of AGN from their IR colours. IR spectroscopy will allow the investigation of the spectral properties of highly red/reddened objects and studies of the rest-frame optical spectrum at high redshift.  The time domain should not be over looked, with potential for determining the structure in emission line regions from reverberation mapping techniques.  The combination of optical and near-IR spectroscopy could be particularly powerful in this and other situations.
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Figure 4.  Composite QSO spectra from the 2QZ and 6QZ as a function of absolute magnitude.  The central magnitude of each bin, and the number of QSOs included is listed to the right of each spectrum.  At the top we show the composite constructed from combining all the spectra.  Taken from Croom et al. [22].
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Fig. 2. a) ((s)  for QSOs from the 2QZ (filled circles) in a   ( Universe.  Compared to this are linear (dotted lines) and non-linear (solid lines) CDM models with a shape parameter, (=0.1.  The lower lines are the mass correlation function normalised at low redshift by observations of the 2dFGRS.  The upper lines are scaled by a factor of 4 (bQSO=2.). b) The scale length, s0, of QSO clustering as a function of redshift (filled circles) compared to the clustering of low (triangle) and high (square) redshift galaxies. Two models assuming linear theory (solid line) or long lived QSOs (dotted line) are also shown.
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Figure 3.  The optical QSO luminosity function for the 2QZ and 6QZ samples combined in six redshift intervals.  The dotted lines show the predictions of the best fit double power law with exponential evolution in look-back time of M*.  The vertical dashed line indicates the faint limit used in the maximum likelihood fitting of the model.  This was chosen to avoid sources for which the host galaxy contributes significantly to the luminosity of the source.
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Figure 1.  The distribution of QSOs in the final 2QZ catalogue, showing the southern (left) and equatorial (right) strips.  The rectangular regions show the projection onto the sky.  An Einstein-de Sitter cosmology was assumed in calculating comoving distance.
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