The Composition of the Old, Metal-Rich Open Cluster, NGC 6791

Liz Jensen --- Smith College, REU at IFA, University of Hawaii 2006
Mentor: Ann M. Boesgaard --- Institute for Astronomy, University of Hawaii
July 28, 2006

Abstrad: The populous open cluster, NGC 6791, has presented an anomaly as it appears
to be very old (8-10 Gyr), yet metal-rich. We have made high resolution (45,000)
spectroscopic observations of two turn-off stars (V = 17.4) with HIRES on the

Keck I telescope on Mauna Kea. We have determined the stellar parameters for

these two stars spectroscopically. The high metallicity of NGC 6791 is confirmed by our
results, [Fe/H] = +0.40. In addition we have found elemental abundances for Na, Si, Ca,
Ti, Ni, Cr and Y. We compare our results with those of field star samples that are both
old and metal-rich: a) six dwarf stars with [Fe/H] > +0.01 and age > 8.5 Gyr from
Edvardsson et al. (1993), b) nine old dwarf stars with [Fe/H] from +0.05 to +0.39 from
Chen et al. (2003), and c) four old dwarf stars with [FeH] from +0.15 to +0.47 from
Feltzing & Gonzalez (2001). The abundances of these elements are in agreement in the
field and in the cluster with the possible exception of Ti which appears higher in the
cluster stars; it is not clear why Ti would be enhanced when Si and Ca are not. We
discuss the possible interpretations of the cluster peculiarities.
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1) INTRODUCTION
My project this summer was to determine the composition of the galactic cluster NGC
6791 by observing two of its stars. This particular cluster has been studied often because
it is old, populous, and is metal-rich. See Figure 1 for an optical picture of the cluster. In
fact, NGC 6791 is about 10 Gyrs old (Peterson & Green 1998) and is located in the
galactic plane (latitude = 11°, longitude = 70°). Because of its low galactic latitude, there
is a considerable amount of gas and dust along the line of sight which implies significant
reddening effects. It is at a distance of 5853 pc and its apparent size is 16 arcminutes,
which corresponds to an absolute size of 27 pc. It has a super-solar metallicity, [Fe/H] ~
+0.4 (e.g. Peterson & Green 1998). Such features make NGC 6791 a great “stellar
evolutionary template for understanding the stellar content of early-type galaxies if its
abundance is a good match” (Worthey 2003). This is because elliptical galaxies are old
and metal rich.

Galactic open clusters are ideal sources for determining the abundance of stars of various
ages and Galactic locations. This is because all the stars in a given cluster have the same
age, and composition. Thus these Galactic open clusters help us understand the chemical
evolution of the Milky Way disk. Extremely old open clusters such as NGC 6791 are
especially important because they are as old as the disk itself. They have a large range in



metallicities, ages, and location in the disk where many kinds of star formation took
place. (Friel 1993, Friel et al. 2002)

Photometry of NGC 6791 was done by Kinman (1965), Kaluzny (1990), Montgomery
(1994), Stetson et al. (2003) and Carney et al. (2005) among others. The isochrone fitting
to the color-magnitude diagram indicated both high metal content and an old age for
NGC 6791.

Spectroscopic observations have confirmed the high metal content of the cluster. Peterson
and Green (1998) observed 1 blue horizontal branch star (BHB) at a medium resolution
(20,000). They found a temperature of 7300 + 50K, and a log g = 3.6 &+ 0.2 dex resulting
in an iron abundance of [Fe/H] = +0.4 & 0.1 dex. The star is a member of the cluster
based on the proper motion and radial velocity. Worthey and Jowett (2003) looked at 24
giant stars at low resolution (~2,200). They found the iron abundance to be [Fe/H] =
0.320 £ 0.023 dex. More recently Gratton et al: (2006) observed 4 red giant clump stars
at medium-high resolution (29,000) with the SARG spectrograph on the Galileo National
Telescope. They found the iron abundance to be [Fe/H] = +0.47 (+ 0.04, rms = 0.08) dex.
Carraro et al (2006) looked at medium resolution (20,000) echelle spectroscopy of 10
giant stars. They found the metal abundance to be [M/H] = +0.39 + +0.05. They also used
different isochrones and said the age of the cluster to be 8 Gyrs old.

We have obtained spectra of two main-sequence turn-off stars from Keck 1 telescope
with HIRES (Vogt et al. 1994) at a resolution of 48,000. The stars that we observed in the
cluster are unevolved, main-sequence turnoff stars whose surface composition is
unaltered by nuclear fusion products and subsequent mixing which affects the evolved
stars. Therefore, our stars represent the original composition of the stars and, as a result,
the cluster. This cluster’s metallicity is super-solar according to low resolution spectra of
evolved stars. How can such old stars be so metal-rich?

2.) OBSERVATIONS

We conducted a high spectral resolution study on two turnoff stars (MJP 1525 and MJP
2168) in the cluster NGC 6791. Since the stars are very faint (V~17.4) to observe them at
a high resolution requires the use of the largest telescopes and long integration times. We
used Keck I 10m telescope with HIRES to acquire stellar spectroscopic data for two turn-
off stars in the cluster NGC 6791 during 2 two-night runs on 2000, May 28 and 29 and on
1999, June 7 and 8". Four exposures were taken with integration times of 30-45 minutes
for a total of 80 minutes to 120 minutes. The spectral resolution is high at 45,000 and the
median signal to noise (S/N) ratio is 40. See Table 1 for the observing log of the Keck
HIRES observations.



We chose to look at turn-off stars because the surface material is “unprocessed”. The
elements created during nuclear fusion haven’t been mixed up through stellar evolution to
red giant phase so it represents the original composition. See Figure 2 to see where on
NGC 6791°s H-R diagram our two-turnoff stars lie.

Since the latitude of the stars lies close to the galactic plane, reddening is a big issue.
Various reddening estimates range from E(B-V) = 0.10 to 0.22. So instead of determining
the temperature from the color index (B-V) we determined it spectrascopically.

We also used the spectra to determine two other necessary parameters: surface gravity
and metallicity. These parameters have been determined using Fe I and Fe II lines. To
obtain measurements at their wavelengths, we needed high resolution, high signal-to-
noise ratio (S/N) and the light gathering power that only Keck I with HIRES can provide.

The spectrum of 2168 yielded high quality equivalent widths, but for the star 1525, the
spectral analysis the individual orders needed to be smoothed by a 5 pixel boxcar in order
to increase the effective S/N with minimal impact on the spectral resolution.

Most of our equivalent widths were taken from between 5900A and 6800A because there
was considerable blending at shorter wavelengths. An example of a spectral region in the
spectra for our two stars is shown in Figure 3. Spectral features from three ions are
identified in this figure.

3.) ABUNDANCE ANALYSIS
3.1. Line Measurements

We measured the equivalent widths of 160 lines in both of our stars spread throughout
several orders of our Keck spectra. The relevant features include those of the alkali
element Na (Na I), the ! -fusion elements (Si I and Si II, Ca I, and Ti I and Ti II), the Fe
peak elements (Fe I and Fe II, Cr I and Cr II, and Ni I), and the neutron-capture element
(Y 1D).

The splot package in IRAF' was used to measure the equivalent via Gaussian profile
fitting. The measured equivalent widths we used for the parameter and abundance
determination were typically " 84mA. Table 2 provides the species, wavelengths, lower
excitation potentials, oscillator strengths, and equivalent widths for both stars.

! IRAF isdistributed by the National Optical Astronomical Observatory, which is
opeated by the Assodation of Universities for Research in Astronony, Inc.,, unde
coopeative agreement with the National Saence Foundaton.



3.2. Stellar Parameters

Having the correct parameters is the key to trusting the abundances one observes. Four
parameters are needed to construct an accurate model. The parameters are effective
temperature, metallicity, surface gravity, and microturbulent velocity.

Temperature was determined by the spectra used. When MOOG makes a model of the
star it produces a graph (see Figure 4). We used Fe I lines/spectra to determine the
temperature. When the correct temperature is found, the low excitation potential will
yield the same abundance as the high excitation potential. For example in Figure 4a, the
temperature is 5450K. The horizontal line is the average abundance from all the iron
lines. The angled line is the linear fit to the data. When the average abundance and the
linear fit are the same then we have found the correct temperature as in Figure 4b (at
temperature 5650K).

The surface gravity was determined from the comparison of Fe I and Fe II abundances. If
they give us the same abundance then we are confident we used the correct surface
gravity.

We calculated the microturbulent velocity from the empirical formula involving
temperature and log g from Edvardsson et al. (1993).

Table 3: Stellar parameters
Temperature logg

Star

(K) (dex) (km /s)
1525 5900 4.3 1.15
2168 5650 4.3 1.35

3.3. Abundances

We employed the updated LTE MOOG code to determine abundances from all our
species. MOOG’s routine was used with the measured equivalent widths in Table 2 and
the appropriate Kurucz model atmosphere characterized by parameter in table 3. The
final abundances for each species are given in Table 4. Where abundances were
determined from lines from two ionization stages for an element, an average was
determined by weighting the results by the number of lines measured.

There were several things we changed:
1.) We tried putting the continuum in a different spot to see if the abundance changed

much. Using the same parameters, we found that changing the continuum by 1-
2%, the effect on the abundance was minuscule (the abundance changed by 0.01)



2.) We wanted to see if there was much of a difference between the abundances if we
smoothed the spectra or not. We looked at it two ways. First we used the
unsmoothed spectra, and then, we smoothed it by 5. We found that the difference
is small, less than 0.05dex.

4. RESULTS AND CONCLUSIONS:

We have determined [Fe/H] in two turn-off stars in NGC 6791. For MJP 1525 we find
[Fe/H] = 0.52 + 0.15 and for MJP 2168 we find [Fe/H] = 0.29 = 0.12 with the mean for
the cluster of 0.40 + 0.12. Our [Fe/H] agrees with earlier results of metallicity from
evolved stars: giants and a horizontal branch star from lower resolution spectroscopy.

In addition we have found elemental abundances for seven other elements. In Table 5 we
provide the final values for [X/Fe] for Na, Si, Ca, Ti, Ni, Cr and Y. We can compare our
results with those of field star samples that are both old and metal-rich. In the
Edvardsson et al. (1993) sample of 189 disk stars there are six stars with [Fe/H] > 0.01
and age > 8.5 Gyr. We used the nine stars in the Chen et al. (2003) study that focused on
old metal-rich stars; these have [Fe/H] from 0.05 to 0.39. Feltzing & Gonzalez (2001)
have four stars that are old and their [FeH] range from +0.15 to +0.47. The elements in
common in our analysis and those studies are Na, Si, Ca, Ti, Cr and Ni.

Figure 5 shows our results in the context of those field star results. Our two stars are
shown as the large circled crosses. The crosses are from Edvardsson et al (1993), the
filled squares are from Chen et al. (2003) and the open circles are from Feltzing &
Gonzales (2001). Both Ni and Cr are Fe-peak elements so the [Cr/Fe] and [Ni/Fe] should
be near 0.00 and they are with in the errors. (A typical error bar is shown in the upper
right of the figure.) Also [Na/Fe] is near 0.00 in NGC 6791 and in most of the field stars.
The alpha-elements Si and Ca are in agreement in the field and cluster stars. However,
the other alpha-element, Ti, appears high in the cluster stars. This could be the result of
our use of many Ti I and Ti II lines which are below 5900 A, thus in the region where
there is much blending of lines. Restricting our Ti lines to the 4-5 that have longer
wavelengths does not change the result of higher [Ti/Fe] in the cluster. It is not clear why
Ti would be enhanced when Si and Ca are not.

Recent research has shown many possible reasons why stars can be old and yet be metal-
rich. Some possibilities are there might not be an age-metallicity relation in the thin disk
of the galaxy (e.g. Boesgaard & Friel 1990, Chaboyer et al. 1999).

Perhaps the cluster is from another nearby galaxy? Perhaps the cluster was accreted from
a cluster in another galaxy that was combined with ours. Carraro et al. (2006) discuss the
possibility “that the cluster might be what remains of a much larger system whose initial
potential well could have been sufficient to produce high-metallicity stars and which has
been depopulated by the tidal field of the Galaxy.”



Maybe it came from the galactic bulge which has higher metallicity stars and then
migrated to where it is today. “Grenon (1999) studied the kinematics of a group of old
(10 Gyr) metal-rich [M/H] # 0.30 stars and suggested that they formed close to the bulge
and then migrated at large Galactocentric distance sue to the perturbation of the Galactic
bar.” Carraro (2006).

In conclusion NGC 6791 is an old, populous, metal-rich open cluster. We looked at two
unevolved turnoff stars (1525 and 2168). We found the star 1525 to have [Fe/H] = 0.52 +
0.15 and star 2168 to have [Fe/H] = 0.29 £ 0.12.
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Figure 1: Optical picture of NGC 6791

Table 1: Keck HIRES Observations

Star \% B-V Night Exp. SIN | Total SN
Time
(min)
1525 17.415 0.943 28 May 2000 120 30
29 May 2000 120 24 38
2168 17.375 0.998 07 June 1999 80 25
08 June 1999 100 31 40
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Figure 1: Showsthe H-R diagram for the open cluster NGC 6791.The squareswith
the circlesrepresent wherein the H-R diagram star #1525and #2168are located.
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Figure 3: Shows an example of the smoathed (5) spectra from stars#1525and #2168
at the wavdengths 6150through 6168(s ). Also thefigure shows certain element’s
absorption linesin the spectra.

Figure 4a: MOOG graph from Fe I line input. Temperature is 5450 K.
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Table 4: Abundances
Star 1525

#of | St

Element | Abundance lines | Dev.

Nal 7.25 4 0.72

Sil 8.11 6 0.17

Si I 8.19 1 0.00

Cal 6.79 21 | 0.15

Til 5.60 14 | 0.32

Till 5.95 9 0.20

Crl 6.17 16 | 0.18

Crll 6.46 4 0.19

Fel 8.04 36 | 0.17

Fe Il 7.96 9 0.16

Ni I 6.69 10 | 0.19

Y II 2.62 3 0.39
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Star 2168

# of St.

Element | Abundance | lines | Dev.
Nal 7.22 4 0.64
7.89 5 0.10

Sill 7.70 1 0.00
Cal 6.67 23 0.15
Til 5.34 13 0.15
Till 5.61 11 0.21
Crl 5.93 16 0.22
Crll 5.84 4 0.07
Fe I 7.86 35 0.11
Fe II 7.61 3 0.04
Nil 6.59 15 0.26
Y II 2.52 3 0.15

Figure 5: results plot (ours, Chen, Feltzing, Edvarsson)
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Table 2:

Excitation Equivalent Equivalent

Wave.length Potential loggf wi?jth star wi?jth star
) (eV) 1525 2168
Nal 5682.650 2.1000 -0.8200 149.8 169.0
5688.219 2.1000 -0.3700 161.0 163.9
6696.030 3.1400 -1.5700 79.4 87.8
6698.670 3.1400 -1.8900 70.9 62.4
Sil 5772.148 5.0809 -1.7500 90.8 XXX
5948.545 5.0813 -1.2250 121.6 110.3
6142.490 5.6200 -1.4800 77.6 54.5
6145.020 5.6100 -1.3700 59.1 55.5
6155.141 5.6200 -0.8400 121.0 112.0
6243.820 5.6100 -1.2700 105.7 85.5
Si Il 6347.100 8.1200 0.3199 85.9 52.9
Cal 4512.270 2.5200 -1.9000 37.6 57.6
4526.934 2.7100 -0.4890 146.1 126.9
4578.551 2.5200 -0.6290 98.1 97.3
4685.268 2.9300 -1.8800 95.5 85.2
5260.389 2.5210 -1.7200 67.3 69.1
5261.707 2.5214 -0.6545 121.7 129.1
5262.241 2.5200 -0.6000 141.5 161.6
5512.980 2.9327 -0.3685 134.6 119.7
5581.968 2.5232 -0.5600 113.7 131.6
5588.755 2.5259 0.2840 174.1 172.0
5590.117 2.5214 -0.6405 127.9 113.8
5594.470 2.5200 0.0230 189.6 167.6
5598.480 2.5214 -0.2200 272.6 172.5
5601.277 2.5259 -0.6900 185.3 186.5
5857.451 2.9327 0.2350 172.4 171.1
6122.220 1.8900 -0.3200 232.6 246.5
6161.300 2.5200 -1.2700 99.7 104.2
6162.170 1.9000 -0.0900 264.2 261.5
6163.755 2.5214 -1.2860 103.1 100.0
6166.440 2.5214 -1.1400 188.2 97.1
6169.042 2.5232 -0.7970 132.6 116.1
6169.562 2.5259 -0.3740 157.0 145.8
6449.810 2.5214 -0.5020 142.0 146.9
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6455.600 2.5230 -1.3400 97.5 96.2
6462.570 2.5200 0.2860 288.3 285.4
6493.781 2.5214 0.0155 144.0 160.3
6499.650 2.5232 -0.8180 120.1 124.5
Til 4518.023 0.8259 -0.2690 119.8 XXX
4533.239 0.8484 0.5320 178.1 150.6
4534.778 0.8360 0.3360 XXX 144.8
4617.254 1.7489 0.4450 85.7 88.3
4840.874 0.8996 -0.4530 82.8 102.5
4981.732 0.8484 0.5600 53.1 XXX
4991.067 0.8360 0.4360 XXX 55.3
4999.504 0.8259 0.3060 146.7 140.2
5016.162 0.8484 -0.5180 108.8 98.8
5020.028 0.8360 -0.3580 131.5 118.2
5022.871 0.8259 -0.3780 111.6 110.9
5035.907 1.4602 0.2600 141.0 XXX
5036.468 1.4432 0.1860 83.0 95.3
5039.959 0.0211 -1.1300 129.7 122.8
5064.654 0.0480 -0.8550 95.6 136.9
5192.969 0.0211 -0.9500 107.3 126.6
5978.540 1.8700 -0.4400 71.2 XXX
Till 4501.272 1.1156 -0.7550 258.1 172.9
4563.761 1.2214 -0.9600 200.5 193.1
4571.968 1.5719 -0.5300 XXX 172.5
4589.958 1.2369 -1.7900 122.8 123.5
4657.203 1.2430 -2.2350 100.0 85.6
4779.985 2.0478 -1.3700 92.9 XXX
4805.085 2.0614 -1.1000 145.1 XXX
5129.152 1.8918 -1.3900 XXX 115.2
5154.070 1.5659 -1.9200 111.2 107.7
5188.680 1.5819 -1.2100 XXX 141.8
5226.543 1.5659 -1.3000 124.0 148.1
5336.781 1.5819 -1.6650 XXX 92.7
5381.018 1.5658 -2.0250 114.0 87.8
Crl 4496.842 0.9415 -1.1500 107.4 XXX
4511.900 3.0900 -1.1500 65.8 71.5
4545.945 0.9415 -1.3700 100.2 102.3
4591.389 0.9685 -1.7400 XXX 89.6
4600.741 1.0037 -1.2600 130.9 101.4
4616.120 0.9829 -1.1900 112.9 134.5
4626.174 0.9685 -1.3200 155.4 107.4
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4651.282 0.9829 -1.4600 117.3 103.6
4652.152 1.0037 -1.0300 124.8 140.7
4789.350 2.5400 -0.3660 80.7 80.3
5206.038 0.9415 0.0190 385.4 XXX
5247.566 0.9610 -1.6400 107.9 122.5
5296.691 0.9829 -1.4000 128.9 124.5
5298.277 0.9829 -1.1600 XXX 162.3
5300.750 0.9800 -2.1290 XXX 96.2
5329.170 2.9100 -0.0640 98.6 XXX
5345.801 1.0037 -0.9800 178.6 175.0
5348.312 1.0037 -1.2900 142.0 136.1
5409.772 1.0301 -0.7150 192.2 152.1
CrlI 4558.650 4.0737 -0.6600 135.9 85.9
4588.199 4.0715 -0.6300 XXX 87.9
4634.070 4.0725 -1.2400 82.0 XXX
4848.235 3.8647 -1.1400 87.6 79.3
5237.329 4.0137 -1.1600 90.5 62.3
Fel 5916.247 2.4500 -2.9900 87.2 90.6
5934.655 3.9300 -1.0200 129.7 106.5
5956.700 0.8600 -4.5640 86.3 86.1
6024.058 4.5500 -0.0600 142.3 139.0
6027.048 4.0760 -1.1495 155.3 88.6
6055.992 4.7340 -0.4600 116.9 93.9
6065.481 2.6090 -1.4700 159.9 160.0
6078.999 4.6520 -1.1200 XXX 75.5
6082.720 2.2200 -3.5330 XXX 68.7
6127.904 4.1430 -1.3990 69.3 75.0
6136.615 2.4530 -1.4050 185.2 XXX
6137.691 2.5880 -1.3745 208.2 193.5
6151.618 2.1760 -3.2990 70.1 75.4
6157.725 4.0760 -1.2600 105.3 87.1
6165.360 4.1400 -1.4700 62.0 73.5
6170.510 4.7900 -0.3800 116.3 XXX
6173.341 2.2230 -2.8800 106.5 102.2
6180.203 2.7280 -2.6225 84.8 94.8
6187.990 3.9400 -1.5700 80.8 81.7
6219.280 2.1980 -2.4330 117.2 XXX
6230.723 2.5590 -1.2785 194.4 230.1
6246.318 3.6030 -0.8770 161.4 162.9
6252.555 2.4040 -1.7270 XXX 165.7
6254.257 2.2790 -2.4430 139.5 XXX
6265.140 2.1800 -2.5100 109.2 126.4
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6297.800 2.2200 -2.7000 120.5 118.1
6335.330 2.1980 -2.2035 129.5 133.1
6380.742 4.1870 -1.3875 81.2 82.7
6393.601 2.4330 -1.5760 176.9 176.0
6411.649 3.6500 -0.6600 158.4 177.4
6469.193 4.8300 -0.6200 101.3 90.1
6481.869 2.2790 -2.9840 89.6 105.7
6494.980 2.4040 -1.2560 210.0 212.1
6498.940 0.9580 -4.6946 XXX 86.5
6592.913 2.7280 -1.5365 142.5 153.8
6593.838 2.4330 -2.3940 132.5 125.7
6597.561 4.7950 -0.9200 66.7 75.6
6609.109 2.5590 -2.6765 100.3 102.1
6750.152 2.4240 -2.6080 94.9 104.2
6752.710 4.6400 -1.2000 59.6 69.1
Fell 4515.339 2.8440 -2.4800 124.1 XXX
4576.339 2.8410 -2.9550 95.4 70.2
4593.837 2.8070 -1.9200 183.5 XXX
4629.339 2.8070 -2.3700 107.3 XXX
4923.927 2.8910 -1.3200 XXX 177.6
6197.576 3.2310 2.1665 103.8 94.0
5234.630 3.2210 -2.2100 XXX 93.1
6084.100 3.2000 -3.8100 39.9 XXX
6149.249 3.8900 -2.9300 48.7 44.8
6247.562 3.8900 -2.7240 80.3 62.1
6456.391 3.9000 -2.3290 90.4 79.0
6516.080 2.8900 -3.2800 111.6 68.8
Nil 4714.408 3.3801 0.2300 XXX 229.5
4715.757 3.5435 -0.3400 108.0 143.4
4756.510 3.4802 -0.3400 106.3 91.6
4786.531 3.4198 -0.1700 XXX 131.9
4831.169 3.6063 -0.4200 86.2 97.2
4904.407 3.5424 -0.1700 129.7 115.6
4937.341 3.6063 -0.3900 XXX 129.1
5035.357 3.6356 0.2900 XXX 129.1
5081.107 3.8476 0.3000 122.2 117.2
5084.089 3.6787 0.0300 104.2 116.4
5115.389 3.8342 -0.1100 100.2 93.0
5146.480 3.7060 0.1200 XXX 117.8
5155.762 3.8985 -0.0900 129.5 100.9
5476.900 1.8263 -0.8900 196.3 217.6
5587.853 1.9355 -2.1400 30.2 98.6
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6767.768 1.8263 -2.1700 116.2 123.9
YII 4883.684 1.0821 -0.0100 74.1 73.0
4900.120 1.0313 -0.1300 84.6 82.6
5087.416 1.0810 -0.3100 43.6 65.0
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