














SCIENCE HIGHLIGHTS

Chemical Abundances in NGC 6712 continued

or field stars do not form in environments with chemical enrichment
histories like those of NGC 6712 and Palomar 5.

NGC 6712 is only the second cluster in which F has been observed in
more than two stars and both clusters show F abundance variations,
which may be produced in AGB stars with masses > 5 M, (Smith et al.
2005). The fluorine abundances in globular clusters are considerably
lower than in field and bulge stars at the same metallicity (see figure 3),
which highlights additional chemical differences between the field and
cluster environment. In the context of trying to identify the source of
the light element abundance variations, our study has reinforced the im-
portance of accounting for F (this element shows the largest abundance
variation amplitude of all elements measured in this cluster).

Finally, the chemical abundances measured in this cluster offer the
intriguing prospect of allowing us to estimate its initial mass, and
therefore, the fraction of mass lost through tidal stripping. Carretta
(2006) found a correlation between the amplitude of the abundance
variations and the absolute magnitude. Based on the abundance
amplitudes, we tentatively confirm the calculations by Takahashi &
Portegies Zwart (2000), which indicate that NGC 6712 was once one
of the most massive clusters to have formed in our Galaxy.
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Figure 2: Elemental abundances A(X) vs. A(C) as well as A(Na) vs.
A(O) (bottom right panel). A representative error bar is shown. The
dashed line is the linear least-squares fit to the data (slope and as-
sociated error are included).

>>>8  NOAO/NSO Newsletter | March 2009

Of great interest would be the chemical analysis of additional globular
clusters that show evidence for tidal disruption to search for a cluster in
which there are no light element abundance variations. Equally impor-
tant would be to expand the search for field stars that exhibit the “globular
cluster light element abundance patterns” These endeavors will enhance
our understanding of the formation and evolution of our Galaxy.

I wish to thank my long-time collaborators David Lambert and Frank
Grundahl. @

REFERENCES

Carretta 2006, AJ, 131, 1766

Cunha et al. 2003, AJ, 126, 1305

Cunha & Smith 2005, ApJ, 626, 425

Cunha et al. 2008, ApJ, 679, L17

Paresce & De Marchi 2000, ApJ, 534, 870

Smith et al. 2002, AJ, 123, 1502

Smith et al. 2005, ApJ, 633,392

Takahashi & Portegies Zwart 2000, ApJ, 535, 759
Yong et al. 2008, ApJ, 689, 1020

Figure 3: A(F) vs. A(O) (top) and log[N(F)/N(O)] vs. A(O) (bot-
tom). NGC 6712 (black circles), M4 (black crosses: Smith et al.
2005), w Cen (black triangles: Cunha et al. 2003), bulge stars (red
squares: Cunha et al. 2008), and field stars (red plus signs: Cunha
et al. 2003; Cunha & Smith 2005) are shown. A representative
error bar is shown. The red and black dashed lines are the linear
least-squares fits to the field & bulge and globular cluster data,
respectively (excluding upper limits). The dotted red line is the fit to
the field & bulge data excluding the upper limits and the bulge star
with A(O) = 9.0.
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The Planetary Nebula View of M33:
A Deep Spectroscopic Study with Hectospec

Laura Magrini (INAF), Letizia Stanghellini (NOAO) ¢& Eva Villaver (STScl)

33 (NGC 598) is a spiral galaxy whose closeness (840 kpc,
MFreedman etal. 1991), optical size (53" x 83', Holmberg

1958), and inclination (i = 53°) allow detailed studies of its
stellar populations and ionized nebulae.

Planetary Nebulae (PNe) and HII regions represent two very different
formation ages, and the comparison of these two populations provides
insight to the chemical evolution of the host galaxy. Planetary nebu-
lae are the final ejecta of evolved low- and intermediate-mass stars
(LIMS) with masses between 1 and 8 M, which must have formed
between 3 x 107 yr and 10 Gyr ago (Maraston 2005), while HII regions
belong to a very young population.

During their evolution, LIMS do not modify the composition of

the several elements that derive from the nucleosynthesis of Type II
supernovae, such as oxygen, neon, argon, and sulfur—the so-called
a-elements. Nucleosynthetic activity involving a-elements has
been observed only in the lowest metallicity environments (Leisy
and Dennefeld 2006; Magrini et al. 2005; Kniazev et al. 2008);
evolutionary models confirm that at the metallicity of M33 one
does not expect LIMS either to produce or destroy the o-elements
(Marigo 2001). Thus, the observation of a-elements in PNe allows a
measurement of the original metallicity of the interstellar cloud that
gave birth to the LIMS.

On the other hand, the helium, nitrogen, and carbon abundances

that we measure in PNe do not correspond to those at the time of
the progenitor’s formation, because these elements are synthesized in
LIMS as well as in massive stars. These elements provide information
about LIMS evolution as a function of their initial mass and metal-
licity, and, for a given metallicity, help to constrain the PN progenitor
mass and age. The advantage of M33 compared to the Galaxy as a
target for metallicity studies is that PNe in M33 have well-determined
galactocentric distances, whose relative errors are <5%, much smaller
than the large uncertainties of Galactic PNe distances (Stanghellini
etal. 2008). In addition, the small inclination and the low reddening
of M33 allow us to investigate the PNe population (and other stellar
populations) across the whole radial range.

One of the most discussed issues in this field is the rate of evolution
of the metallicity gradient in disk galaxies with time. Chemical evolu-
tion models predict different temporal behaviors of the metallicity
gradient, depending on the assumptions one makes for gas inflow and
outflow rates, and the star and cloud formation efficiencies. Observa-
tions are needed to constrain these assumptions, but so far they have
been insufficient, especially for the old populations of PNe. Compar-
ing different sets of results for the young and old stellar populations,
such as HII regions and old stars, is also delicate, because the tech-
niques of observing and analyzing nebulae and stars are very different,
each with its own collection of uncertainties.

The motivation for our observations is to study the chemical and
physical properties of a large number of PNe and HII regions in M33,

using the same observational procedures, the same data reduction and
analysis techniques, and identical abundance determination methods,
to avoid the biases due to the stellar versus nebular analysis. The aim
was to derive abundances of the a-elements for as many PNe and

HII regions as possible, and to study the variation of the metallicity
gradients and the average abundances in M33 as compared with the
Galaxy and other galaxies.

In semester 2007B, we observed ~150 ionized nebulae in M33 in
multi-object spectroscopic mode with the MMT Hectospec fiber-fed
spectrograph (Fabricant et al. 2005), with a 270 mm' grating at a dis-
persion of 1.2 A pixel. The instrument deploys 300 fibers over a field
of view 1° in diameter; the fiber diameter is 1" (4 pc using a distance
of 840 kpc to M33). The 102 PNe were selected from the catalog by
Ciardullo et al. (2004), and include four PNe at large galactocentric
radii. We obtained spectra of 102 PNe and 48 HII regions with spec-
tral coverage from ~3600 to 9100 A. The total exposure time was 4
hr, split into 8 sub-exposures of 1800 s each, taken on the nights of 13
October 2007 and 12 November 2007. The spectra were reduced and
flux calibrated using the Hectospec package. The observed line fluxes,
measured with the SPLOT package, were corrected for the effect of
the interstellar extinction using the extinction law of Mathis (1990).

We used the extinction-corrected intensities to obtain the electron
densities and temperatures of each PN with the commonly used
diagnostic ratios: [S II] AA6716,6731 for the density, and [O III]A4363/
(A5007 + A4959) and [N IIJA5755/(A6548 +A6584) for the tempera-
ture. With the latter formulae we derive the electron temperatures of
34 PNe directly from our spectra; for the remaining PNe, we used the
correlation between I(He IT A4686)/1(Hp) and T ([O III]), represent-
ing the effect of the central stars heating of the medium-high excita-
tion nebulae. The ionic abundances were computed using the nebular
analysis package in IRAF/STSDAS (Shaw & Dufour 1994). The el-
emental abundances were then determined by applying the ionization
correction factors (ICFs) following the prescriptions by Kingsburgh &
Barlow (1994) for the case where only optical lines are available.

Most of the PNe observed in M33 belong to its disk, while two PNe
belong to the halo population (Ciardullo et al. 2004). We do not
include the halo PNe in the following discussion. From the plot of
N/O versus He/H, we found that there are 19 Type I PNe by Dopita’s
(1991) definition. Most PNe in our sample are non-Type I, implying a
population mainly composed of PNe from old progenitors, with

M < 3M, and ages > 0.3 Gyr.

We found a tight relationship between O/H and Ne/H in the M33
PNe (figure 1), thus broadly excluding modification of both elements
during the lifetime of the progenitors, and validating the assumption
that oxygen is a good tracer of the galaxy primordial metallicity. We
also found that, generally speaking, the average elemental abundances
of the a-elements in the M33 disk PNe are very similar to those of the
Large Magellanic Cloud.

continued
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Planetary Nebula View of M33 continued

In this preliminary paper we only present our PNe abundances;
in order to assess the chemical evolution of M33, we used HII
region observations from the literature (Rosolowsky & Simon 2008;

Magrini et al. 2007a). The comparison
between M33 PNe and HII region average
abundances indicates a negligible global
enrichment of the M33 disk from the ep-
och of the formation of the PNe progeni-
tors to the present time.

The abundances of the a-elements were
then used to compute the metallicity gradi-
ent of M33 by deriving the radial metallic-
ity gradients of those elements that are not
modified during the lifetime of LIMS—
oxygen, neon, and sulfur. The element with
the most reliable abundance, oxygen, has

a slope of -0.031+0.013 dex kpc™' through
the disk of M33 (figure 2). Within the
errors, this slope is in agreement with the
same gradient derived from the cumula-
tive sample of HII regions described above,
0.032+0.009 dex kpc'. Because the metal-
licity gradients of PNe and HII regions are
practically indistinguishable from each
other, and the mean abundances of the
PNe and HII regions are very close, we
conclude that the chemical enrichment

in M33 from the time of the formation

of the PN progenitors to the present time
has been almost negligible.

A comparison of our results with chemi-
cal evolutionary models was done under
the simplifying assumption that the age
of all PNe is ~5 Gyr. The class of models
that assume a halo collapse phase for the
formation of the disk, such as Molla et al.
(1997), produce a PN gradient -0.025 dex
kpc'! steeper than the one for HII regions.
Models assuming two infall episodes for
the formations of the disk (first the thick
disk, then the thin disk), such as Chiap-

pini et al. (2001), predict PN gradients flatter that those of HII regions
by about +0.03 dex kpc'. Finally, models assuming a slow formation
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Figure 1: The relationship between oxygen and
neon abundances. Filled circles refer to Type

| PNe and empty circles to non-Type | PNe,
following the definition of Dopita (1991). The
continuous line is the weighted least-squares fit to
the complete sample of PNe.
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Figure 2: The radial gradient of oxygen abundance.
Symbols are as in figure 1. The continuous line is the
weighted least-squares fit to the complete sample of
disk PNe.

of the disk from the intergalactic medium (Magrini et al. 2007b)
predict a PN gradient -0.015 dex kpc™' steeper than the one at the

present time.
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Our observations argue strongly that, within the errors, the slope of
the metallicity gradients had small variations during the last several
Gyr. Thus, our results exclude formation models of the disk of M33

that require rapid collapse scenarios and
processes that produce changes in the
metallicity gradients during the last Gyr.
Rather, an extremely slow accretion from
the intergalactic medium is favored for the
formation of the M33 disk. Further, more
detailed modeling is needed to confirm

the formation scenarios of this disk galaxy.
More details on this project can be found in
Magrini et al (2008). @
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A Candidate Sub-Parsec Supermassive Binary Black Hole System

Todd A. Boroson ¢ Tod R. Lauer (NOAO)

particular, the Sloan Digital Sky Survey (SDSS), is that they have

forced us to think about new ways to study large data sets. We
need new techniques to learn what information is contained in a large
set of observations, and we need new techniques to tease out the rela-
tionships that lead us to a physical understanding or to test our ideas.
Large sets of spectra represent a particularly difficult problem, because
different researchers will be interested in different kinds of information.

ﬁ dramatic impact of the large survey archives now available, in

We have been applying an approach based on the Karhunen-Loeve
Transform, or principal components analysis, to the spectra of the
low-redshift, quasi-stellar objects (QSOs) in the SDSS archive to
characterize the information contained in this data set. Our approach
is based on the prescription of Connolly

The b-system is a very unusual system in that it shows no narrow or
forbidden-line emission. The [O III] 5007 line, typically the strongest
such line, would fall just off the blue edge of the r-system [O III] 4959
line, a region that is otherwise quite clean. A conservative upper limit
on the equivalent width of a line at this position is about 0.5 A. This is
about 2% of the measured strength of the r-system [O III] 5007 line.
While there are a few QSOs known with no detectable [O III] lines,
they are exclusively infrared-luminous objects that have extremely
strong optical Fe II emission.

The interpretation of this object as a bound system of two black holes
allows us to estimate the orbital parameters. The measured widths of
the HP lines are 2400 km s for the b-system and 6000 km s™* for the
r-system. We apportion the luminos-

and Szalay (1999), who foresaw the
z=0.3889

ity at 5100 A to the two black holes by

capability of this technique to improve
signal-to-noise ratios and fill in missing

7 1 assuming that the fraction attributable
to each is proportional to its mass. This

data in large, complex data sets. The

procedure emphasizes the information
in features that occur commonly in the
ensemble of spectra and deemphasizes
that which is in rare features, including
noise. One of the consequences of this
analysis is the identification of outliers,
objects that are not well fit by the basis 50 |-
that describes the sample as a whole.

100 =

f, 10"

Having processed the 17,500 spectra of
QSOs with z < 0.7 in the SDSS archive,

we discovered a spectrum that seemed

unique to us: a QSO with two broad-

gives 107 solar masses for the b-system
black hole and 10%? solar masses for the
r-system black hole. Alternatively, divid-
ing the flux into equal halves would pro-
duce values of 10*° and 10*® for the two
systems. If we then assume that we are
observing this system at a random incli-
4 nation and a random phase, we derive a
separation of about 0.1 pc and an orbital
period of about 100 years. Upper limits
can be estimated from the assumption
that we are seeing the system edge-on at
a time when the relative velocity vector
is in the line of sight. In that case, the

r=0.5727 -1

line systems. The spectrum of SDSS ¥ 000 6000

J153636.22+044127.0 (J1536+0441)
is shown in the figure. This QSO has
a g magnitude of 17.24 and 2MASS
JHK magnitudes of 15.46, 14.85, and
14.10. It was detected by the Rontgen
Satellite (ROSAT), but is not found in ) .
either the Faint Images of the Radio Sky the night sky line at 5577.
at Twenty-cm (FIRST) or the NRAO VLA Sky Survey (NVSS) radio
survey catalogs. Its appearance is stellar in the SDSS images.

The spectrum of J1536+0441 shows two broad-line emission systems
and one system of narrow absorption lines. The highest redshift sys-
tem, the r-system at z = 0.3889, shows broad Balmer lines (Ho, Hf3, and
Hy) and the usual narrow lines ([O II], [O III], [Ne III], [Ne V]) seen
in low-redshift QSO spectra. The lowest redshift system, the b-system
at z = 0.3727, shows broad Balmer lines (Ho through H9) and broad
Fe IT emission, seen most strongly around 3000 A in the rest frame.
The identification of the ultraviolet Fe IT emission in the b-system is
confirmed by cross-correlating the spectrum with a composite QSO
spectrum (Vanden Berk et al. 2001). A strong, narrow absorption-
line system, the a-system, is also present, including the Mg II doublet
(AN 2796,2803), the Mg I A2852 line, the Ca II K line, and the Na D
doublet. The redshift of this system is 0.38783, which, in the QSO

rest frame, is 240 km s less than that of the r-system and 3300 km s
greater than that of the b-system.

Wavelength

8000 separation is about 0.3 pc and the period
is about 500 years.

The observed spectrum from the SDSS archive of the
QSO SDSS J153636.22+044127.0. The three redshift
systems discussed in the text are indicated with most of
the identified features marked. The strong unmarked
emission feature is an artifact from poor subtraction of

Of course, it is possible that the spectrum
is the result of two objects that appear by
chance in the same line of sight. We esti-
mate the probability of this by integrating
the SDSS QSO luminosity function (Rich-
ards et al. 2006) over a volume corresponding to a one-arcsecond radius
circle and a depth that would put the object at a given redshift to within
10,000 km s This probability is 1.8 x 107, which, when multiplied by
the 17,500 objects in our sample, results in the expectation of 0.003 such
objects. Although this is not negligible, we note the additional point of
the unusual nature of the b-system spectrum as an argument that this is
a single object with two black holes.

Future observations will determine the nature of this object. Better spec-
troscopy will allow better characterization of the two systems and perhaps
detect associated starlight. High spatial resolution imaging may reveal
the morphology of the host galaxy. Spectroscopic monitoring is critical,
because our model predicts changes in the relative velocities as large as
150 km s in a single year. A paper on this object is in press in Nature.
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