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ABSTRACT

PHOTOMETRY AND ISOCHRONE FITTING OF NGC 6712

This work presents new BV photometric observations of the Galactic

globular cluster NGC 6712. The observations include an 18′ square centered on

the cluster with a limiting V magnitude of 21. Heavy field star contamination

makes NGC 6712 a difficult cluster to study, but simply restricting image

analysis to a narrow field of view centered on the cluster provides enough

definition of the cluster color magnitude diagram (CMD) to identify the red

giant and sub-giant branches. This CMD is fit with the Dartmouth Stellar

Evolution Program (DSEP) models which determine that NGC 6712 has an

age of 12±1 Gyr, distance modulus of (m−M)V=15.85±0.20, metallicity of

[Fe/H]=−1.10±0.05, and a reddening of E(B−V)=0.41±0.05. These values

agree well with previous studies and provide a confirmation of the accuracy

of the DSEP models.
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Whitman College

May 9, 2012
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1. Introduction

Even the most massive and shortest lived stars evolve on million year

timescales, making it impossible to observe the evolution of any individual

star. Therefore it is only by observing an ensemble of stars that we can see

stellar evolution in action. Galactic globular clusters (GGCs) provide the

perfect opportunity to study stellar evolution because of their large single-age

and single-metallicity populations and small physical size. These uniform

properties allow stellar evolution models to easily generate isochrones for

comparison to the color magnitude diagram (CMD) of a cluster with a given

parameter set. By matching a cluster CMD to the best fit isochrone these

parameters can be determined (up to the uncertainty in the data and the

precision of the evolution model) with simple photometric observations.

Stellar evolution models strongly rely on an accurate theoretical

description of stellar structure and are heavily dependent on a precise

understanding of the nuclear physics involved in fusion reactions. As

understanding of the relevant nuclear physics processes improves it is

important to revisit previously studied clusters and reapply the most current

models to ensure documentation of the most accurate estimates possible.

Models such as those created by the Dartmouth Stellar Evolution Program

(DSEP) represent significant theoretical advances but need to be applied to

both studied and unstudied clusters for calibration to ensure their accuracy.

NGC 6712 is a relatively difficult target to study because it lies in

the plane of the galaxy almost directly towards the galactic center, with

geocentric coordinates RA= 18h 53m 0.43′′ Dec= −08◦ 42′ 21.5′′ and galactic
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coordinates l = 353◦, b = −6◦ (Smith & Sandage 1962), and therefore has

significant foreground star contamination. Nevertheless it has been well

studied in the past, especially in regards to variable stars (Pietrukowicz &

Kaluzny 2004) and low mass x-ray binaries (Sidoli et al. 2005) in the cluster.

NGC 6712 is the lowest density GGC with one such binary (Voges et al.

1999), which, along with its close perigalacticon (Dauphole et al. 1996) and

depletion of low mass stars (de Marchi et al. 1999), suggests that it is the

inner remnant of what may have originally been one of the largest GGCs.

There have also been many optical photometric studies of NGC 6712

including Paresce et al. (2000) and Paltrinieri et al. (2001), both of which fit

isochrones to the CMD to help determine the age, metallicity, and distance

modulus of the cluster. Both of these studies utilized high resolution VLT

images, and while Paresce et al. (2000) was more interested in the technical

limitations of crowded field photometry, Paltrinieri et al. (2001) performed

extensive analysis of NGC 6712 itself and calculated an age of 12±2,

metallicity [Fe/H]=−0.80±0.2, reddening E(B−V)=0.33±0.05, and distance

modulus (m−M)=14.55 which corresponds to a distance of 8 kpc.

This work applies the DSEP model to new photometric observations of

NGC 6712 and obtains updated values for the age, distance, metallicity, and

reddening of the cluster. Sections 2 and 3 describe details of the observations

used for the research and the process of image reduction and calibration.

Section 4 describes the fitting of the DSEP model to the CMD including

the analysis used to minimize field contamination and Section 5 provides

conclusions about the DSEP model as it pertains to NGC 6712.
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2. Observations

The images of NGC 6712 used for this research were taken on a single

observing run from 25 August to 5 September, 2011, at the 2.4 m Hiltner

telescope, part of the MDM Observatory at Kitt Peak, AZ. All images were

taken with the OSMOS camera which is a 4096 × 4096 pixel CCD detector

with an 18′ square field of view, which can take well sampled images of the

cluster. Short exposures of approximately 30 seconds and long exposures of

approximately 300 seconds were taken in both B and V filters with average

seeing of 2′′. A sample image with seeing of 1.5′′ can be seen in Figure 1.

Similar images were also taken in the I filter, but calibration difficulties

precluded their use in analysis of the cluster.

This observing run was shortly after the shutdown for the summer

monsoon season and unfortunately suffered from poor weather conditions.

Despite six nights on the 2.4 m telescope there were only about 15 hours

of usable observation time. This limitation coupled with the sub-optimal

location of NGC 6712 on the sky (preventing observation past midnight)

made collecting longer exposures impossible. This, along with the relatively

poor seeing conditions, resulted in a limiting V magnitude of about 21 which

was not faint enough to accurately detect stars on the main sequence (MS) of

the cluster.
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Fig. 1.— A full field B filter image of NGC 6712 with 1.5′′ seeing. The majority

of the stars in the image are galactic foreground stars crowding the field and

complicating analysis of the cluster itself. Note that the noise in the corners

is expected and caused by vignetting in the telescope
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3. Data Reduction

3.1. Image Processing and Photometry

The images of NGC 6712 were reduced using a custom IDL pipeline to

correct crosstalk, subtract the bias using levels determined from an overscan

region, flat field correct using dome flat images, and then align the images

to a precise world coordinate system. Photometry was done by point-spread

function (PSF) profile fitting using the DAOPHOT and ALLSTAR programs

of Stetson (1987, 1994). This involves assuming a characteristic shape for all

the stars in the image and then subtracting this from each star. When the

subtraction leaves a uniform image of the background sky, the magnitude

and shape of each of the stars in the image is known perfectly. Stars were

identified with the DAOPHOT find procedure, but because of the crowding

in the NGC 6712 field, standard automatic star selection methods proved

ineffective at providing a sufficient number of isolated stars to test the PSF.

Instead, random stars between 12.5 and 13.5 instrumental magnitude were

selected and analyzed manually.

A preliminary PSF was fit to this subset of stars using the DAOPHOT

phot routine. Those stars with the highest standard deviations from this

fit were then manually removed from the fitting procedure. This process

was iterated until all the remaining stars fit the PSF model with a standard

deviation less than 0.08. The PSF generated with this procedure was then

used to perform an image subtraction with ALLSTAR of all the stars

neighboring each of these well-fit PSF test stars. Using this new, once
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cleaned image, this entire precess was repeated with a 0.06 standard deviation

threshold for the PSF fit. The PSF from this twice cleaned image was then

used to perform two repetitions of the standard DAOPHOT and ALLSTAR

subtraction procedures to give a final star list. The result of this subtraction

process applied to Figure 1 can be seen in Figure 2.

The DAOMATCH and DAOMASTER routines were used to combine

these star lists for the individual images into master B, V, and I files. Stars

detected in only a single frame were excluded from these master lists to screen

for detector anomalies and cosmic rays. Finally, those stars detected in all

three filters were combined into a single catalog with B, V, and I magnitudes.

3.2. Calibration

Calibration from instrumental to standard magnitudes was done using

the Stetson photometric standards for NGC 6712 (Stetson 2009). Using the

observed B and V filter magnitudes over 60 stars were found to match the

Stetson standards with the best photometric solution found to first order:

B = binst + (4.44022± 0.01473) + (0.146969± 0.01443))(binst − vinst)

V = vinst + (4.3477± 0.011) + (0.0733± 0.01078)(binst − vinst)

The color terms were chosen so as to minimize the residuals of the χ2 fit

which were consistent with the photometric uncertainties in the data.
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Fig. 2.— A full field B filter image of NGC 6712 after the complete subtraction

process. The subtraction successfully identified and removed the majority of

the stars in the image but failed for saturated stars and the dense cluster core.
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4. Analysis

4.1. Field Contamination

NGC 6712 has galactic coordinates l = 353◦, b = −6◦ (Smith & Sandage

1962) and as such is within the disk of the Milky Way. This means that the

images of the cluster are contaminated with a large number of foreground

galactic field stars. Because these field stars are not a part of the cluster they

don’t have the same uniform properties (specifically distance) as the cluster

stars. Therefore they have a different (and much less well defined) evolution

curve on the CMD, adding apparent noise to the cluster. Figure 3 shows this

behavior where the brighter foreground stars overwhelm the fainter cluster

stars.

Because of the large 18′ field of view on the OSMOS CCD, the core of

NGC 6712 occupies only a small fraction of the image. By limiting analysis

to the stars in the central cluster region of the observations the cluster to

field star ratio can be increased dramatically. The stellar density is plotted

in Figure 4 in which the number of stars in each 100 × 100 pixel bin is

plotted on a contour map. Figure 4 clearly shows that the cluster contributes

a significant number of stars within the 40 stars per bin contour. This then

defined the region of further analysis to between pixels 1700 and 2600 in x

and 1600 and 2500 in y, corresponding to a 4′ square field of view. The CMD

for this central region seen in Figure 5 has a clear relative enhancement of

cluster stars over field stars.

Paltrinieri et al. (2001) used statistical methods described by Mighell et
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Fig. 3.— The NGC 6712 CMD contaminated with foreground field stars. The

relevant cluster stars are washed out by the more numerous MS foreground

stars.
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Fig. 4.— The NGC 6712 stellar density map. This contour plot shows a clear

boundary of the cluster at the 40 stars per 100 × 100 pixel bin which defines

the cluster core to be in the range 1700 ≤ x ≤ 2600 and 1600 ≤ y ≤ 2500.

This corresponds to a 4′ square field of view.
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Fig. 5.— The core region of NGC 6712 with minimal field star contamination.

Without extraneous foreground stars the cluster evolutionary path dominates

the CMD.
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al. (1996) to remove field stars from the cluster region of their observations.

Because this paper does not attempt to characterize individual members of

the cluster, such an extensive procedure would be excessive. Additionally,

the lack of sufficiently deep observations means that even if the field stars

could be reliably removed from the CMD, there are insufficient faint stars

to accurately fit an isochrone to the cluster MS where the majority of the

contamination occurs.

4.2. Color-Magnitude Diagram and Isochrone Fitting

Paltrinieri et al. (2001) used isochrones presented in Straniero et al.

(1997) to calculate the age and distance of NGC 6712. These models are

relatively old and lack recent advancements in nuclear physics as well as

the ability to model advanced fusion processes in the late stages of stellar

evolution. The DSEP models (Dotter et al. 2007) have the benefit of an

additional decade of nuclear physics as well as the inclusion of He-burning

shells and stellar atmospheric effects and can create self consistent models

with arbitrary composition, all with a focus on low mass stars.

The models created by DSEP were overlaid on the central region CMD

and parameters were varied until the best model fit was determined and

plotted in Figure 6. These parameters were: the distance modulus (found

by matching the brightness of the red giant branch (RGB) and sub-giant

branch (SGB)), the cluster age (found by matching the width of the SGB),

the reddening (found by matching the color shift in the cluster), and

the metallicity of the cluster (found by matching the slope of the RGB).
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During this fitting process the RGB and SGB were more heavily weighted

because these were the most well defined regions of the CMD. Ideally the

main sequence turnoff (MSTO) and MS itself would also be crucial for this

isochrone matching but the limiting magnitude of V=21 fell just below

the MSTO and prevented accurate sampling of these unevolved stars. The

parameters of the best isochrone fit suggest an age of 12±1 Gyr, with

metallicity [Fe/H]=−1.10± 0.05, reddening E(B−V)=0.41±0.05 and distance

modulus (m−M)V=15.85±0.20. Using the relation provided in Dotter et al.

(2007):

AV = 3.1 E(B − V )

gives a visual extinction of AV=1.3 magnitudes. With this extinction

correction included in the distance modulus, this gives a distance to the

cluster of d=8.2±0.8 kpc. Note that errors in these values are based on the

manual matching of the DSEP isochrones to the cluster CMD.

These measurements are consistent with previous research conducted on

NGC 6712. The measured age agrees exactly with the 12±2 Gyr measured

by Paltrinieri et al. (2001) and the distance also reflects the measurements of

8 kpc of Paltrinieri et al. (2001) and 7.9±1.0 by Ortolani et al. (2000) over

older measurements of 6.5±0.6 kpc made by Cudworth (1988). That said,

the older reddening measurements E(B−V)=0.42±0.03 by Cudworth (1988)

agree much better than the more recently measured E(B−V)=0.33±0.05 of

Paltrinieri et al. (2001). Finally, the metallicity is closer to the [Fe/H]=−1.0

measured by Ortolani et al. (2000) than the [Fe/H]=−0.80±0.2 measured by

Paltrinieri et al. (2001).
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Fig. 6.— Isochrones of the best fit models of NGC 6712. These models match

the RGB well and only deviate significantly through the SGB where they

suggest a cluster age of 12±1 Gyr.
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5. Conclusion

This research involved fitting the DSEP models to the CMD of the GGC

NGC 6712. Photometric observations were obtained and calibrated in the B

and V filters and, once the data was cropped to remove a significant fraction

of the field stars, the resulting cluster data were graphed as a V vs. B−V

CMD. The data showed a clear RGB, but the lack of longer exposures and

the general field crowding in the image resulted in a poorly constrained SGB

and MSTO.

The DSEP models used to fit the data suggest that NGC 6712 has an

age of 12±1 Gyr, a distnace modulus of (m−M)V=15.85±0.20, a metallicity

of [Fe/H]=−1.10±0.05, and a reddening of E(B−V)=0.41±0.05. These values

are consistent with the range of results obtained in previous studies of NGC

6712. This is both a confirmation of the results themselves and a metric of

the accuracy of the DSEP models.

This work is significant because of the relatively small amount of

astronomical resources needed for its completion. Time on 2 m class telescope

is much easier to attain than a world class telescope such as the VLT used

by Paltrinieri et al. (2001). While their data are much cleaner have better

resolution of the core, a similar isochrone analysis yields very similar results.

By continuing to improve stellar evolution models the theoretical community

has successfully eliminated some of the data quality requirements that would

have previously been needed to successfully study a GCC.
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