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ABSTRACT

We propose to observe four z ∼ 6 SDSS QSOs with MAMBO to search for thermal emission from warm dust.
Three of these sources were discovered very recently in the Sloan DS Survey (Fan et al. in prep.). This proposal
is a continuation of our successful program to detect strong thermal emission in the most distant QSOs known,
and to study the evolution of the radio-to-optical spectral energy distributions from z = 2 to 6. Our goals
include: (i) studying the possible co-eval black hole and spheroidal galaxy formation, (ii) demonstrating the
existence of large reservoirs of dust, and potentially molecular gas, in the first galaxies, and (iii) probing the
host galaxy properties of the most distant QSOs, into the epoch of cosmic reionization.
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MAMBO observations of z ∼ 6 SDSS QSOs

We propose MAMBO photometry of the highest redshift QSOs known (z ∼ 6), selected from the Sloan
Digital Sky Survey (SDSS). The detection of the Gunn-Peterson effect in these QSO’s implies that we are
seeing these sources at the near edge of cosmic reionization, when the first stars and massive black holes
formed (Fan et al. 2003). The proposed observations are a continuation of our study of the evolution
of the radio-to-optical spectral energy distributions of QSOs, one important goal of which is to address
the interesting possibility of co-eval black hole and spheroidal galaxy formation. Such coeval evolution is
suggested by the correlation between black hole mass and stellar bulge mass for low redshift galaxies. We
have established a statistically significant and well defined sample of QSOs between z = 2 to 6 for which
we have extensive observations at radio through optical wavelengths.

We have undertaken an extensive study of the radio through optical SEDs, and the molecular line
emission properties, of optically selected QSOs from redshifts z ∼ 2 to 6 (Omont et al. 2003; Carilli et
al. 2002; Beelen et al. in prep). One key aspect of these studies is to determine the star formation, and
the gas and dust properties of the host galaxies. This question has become paramount since the discovery
of the bulge mass – black hole mass correlation in nearby galaxies, a result which suggests a fundamental
relationship between black hole and spheroidal galaxy formation. We have found that roughly 1/3 of
optically selected QSOs are also hyper-luminous infrared galaxies (LFIR ≥ 1013 L�), corresponding to
thermal emission from warm dust. Searches for CO emission from these sources typically result in firm
detections, with implied molecular gas masses ≥ 1010 M�. Such molecular gas represents the requisit fuel
for star formation, and can be used as a dynamical tracer in a forming galaxy (Walter et al. 2004).

We have recently extended our cm and mm studies of optically selected QSOs into the epoch of reion-
ization (z > 6). We find that 3 of the 14 previously known z > 6 QSOs are also hyper-luminous IR galaxies,
including the most distant QSO known, J1148+5251 at z = 6.42 with S250 = 5.5 mJy, plus J1048+4637
at z = 6.2 with S250 = 3.0 mJy, (Bertoldi et al. 2003a), and a new source J0840+5624 at z = 5.85
with S250 = 3.2 mJy that was detected in our MAMBO program last winter and that is target now of
extensive follow-up molecular observations. CO line emission has been detected from J1148+5251 (Walter
et al. 2003; Bertoldi al. 2003b), with an implied molecular gas mass of ∼ 2 × 1010 M�. Sensitive radio
continuum imaging yields a reasonable detection of J1148+5251 with S1.4 = 55 ± 12µJy and J0840+4637
with S1.4 = 47 ± 11µJy, while J1048+4637 is marginally detected with S1.4 = 26 ± 12µJy (Carilli et al.
2004). Comparison of the radio and FIR luminosities shows that all three sources have radio-to-FIR lu-
minosity ratios in the range defined by star forming galaxies via the radio-FIR correlation (Fig. 1). The
implied (massive) star formation rates are ∼ 103 M� year−1. Imaging of the molecular line emission from
1148+5251 implies a dynamical mass within 3 kpc of the galaxy center ∼ 4×1010 M�, which is comparable
to the molecular gas mass (Walter et al. 2004).

This proposal is a continuation of our efforts to detect mm-emission from the highest-z QSOs (e.g.
163-04), now including three new sources discovered last winter in the SDSS survey (Fan et al. in prep),
plus one QSO from 163-04 that was not observed last season. You may ask: what will 4 new sources add to
the existing sample of 14 already observed at z ∼ 6? Again, we have detected 3 of the 14 with MAMBO. Of
these three, the highest redshift QSD 1148+5251 at z = 6.42, remains the brightest of the mm detections,
and the only CO detection at these extreme redshifts. But even this one molecular line detection has
proven to be a critical pathfinder for future mm telescopes, such as ALMA, demonstrating that large dust
and molecular gas masses can exist in the earliest galaxies, and showing the wealth of unique information
that can be obtained on the host galaxies with mm line and continuum observations (Walter et al. 2003,
Bertoldi et al. 2003b, Walter et al. 2004). Even one other example of the 1148-type would be instrumental
in pushing mm studies of galaxy formation into the epoch of reionization. We are actively pursuing the
other two MAMBO QSOs to search for CO emission using the IRAM, GBT, and Effelsberg facilities, and
this current proposal is the natural extension of the MAMBO search for dust. Given the current statistics,
we hope to detect one source in the new sample.

The study of the first generation of galaxies, during reionization (z ≥ 6), is one of the prime motivations
for all large area future telescopes, from meter to X-ray wavelengths. We should point out that submm
galaxies have become important targets for mm line studies of galaxy formation, but these samples are still
limited to z < 4. While admittedly extreme systems, the host galaxies of the z ∼ 6 SDSS QSOs remain the
only existing sample for extending mm studies of galaxy formation into cosmic reionization using current
instrumentation.



Time Justification
In the past we have aimed at a 3-sigma detection limit of ∼ 1.5 mJy, which we like to reach for this

sample as well. Following the recommendation of the IRAM observing time estimator, we apply for 13
hours of observing time for the 4 sources to reach an rms noise level of 0.5 mJy in typical winter conditions,
including overheads.
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Fig. 1: The radio-FIR correlation for the IRAS 2Jy galaxy sample (x) from Yun et al. (2001), and for J1148+5251,

J1048+4637, and J0840+4637 (points with error bars). The q parameter definition is given in Yun et al. (2001), corresponding

to a log ratio of IR to radio luminosity. The solid line is the mean value for the IRAS galaxies, and the dotted lines indicate

the range defined as star forming galaxies by Yun et al. (2001).


