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ABSTRACT

BVI CCD photometry has been obtained for the intermediate-age open clus-

ter M35 (NGC 2168) and and the standard star HD37557. We demonstrated

every step of the calibration, astrometry, photrometry, and analysis. From the

photometric proprieties of the objects, we studied the color indexes proprieties,

deriving the visual extinction, AV . The distance was calculated for two methods

and the derivation of the age of the cluster was showed.

Subject headings:Imaging and Photometry: general | Imaging and Photometry:

Interstellar dust extinction
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1. Introduction to Interstellar Extinction

The study of intermediate-age open clusterscan be used to the learn about thestellar

evolution of intermediate-mass stars and thedynamical evolution of clusterstogether with

their interstellar extinction (1).

The interstellar extinction is a sum ofabsorptionand scattering of the light within the

interstellar medium, being inversely proportional to the light wavelength. Consequently,

a general increase in absorption toward shorter wavelengths is observed, resulting to the

e�ect of reddening.

The e�ect of reddening can be measured by observing many wavelength images from

the region and calculating the color excess. For instance, for the photometric bands given

by B (� = 450 nm) and V (� = 550 nm), we de�ne V0, B0, and (B � V)0 as the intrinsic

values for the magnitudes of the star and for the color index of the star, respectively.

Moreover, we de�neAB and AV as the total extinction in these bands, such as

V = V0 + AV ; and B = B0 + AB : (1)

For these wavelengths, the color excess can be then given by

EB � V = AB � AV ;

= ( B � V) � (B � V)0;

=
�

AB

AV
� 1

�
AV ; (2)

where the last result can be compared empirical values from our galaxy (1) and incorpored

in the equation 1,

V0 = V � 3:1EB � V ; (3)

giving the extinction corrected magnitudes.
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The measurements of interstellar reddening (extinction),AV , is a tool for estimating

extinction on galactic open clusters. Thenon-extincted color-magnitude diagramcan be

constructed by correcting the cluster'scolor-magnitude diagramfor the e�ect of extinction.

Once the former is obtained, the distance and the age of the stellar population can be

estimated by (i) main sequence �tting, and (ii) model �tting (2).

1.1. E�ciency on Photometry

Consider the light from a star like the Sun, this star will output � 1 solar luminosity.

If there were no losses, the ux (power per unit area) measured in earth would be

F0 =
L

4�d 2

whered is the distance to the star. However there luminosity is lost by

� Interstellar space, which are tiny dust grains that absorb light.

� Earth's atmosphere, where the light is attenuated by dust scattering (the amount of

dust in each cubic centimeter of air and how much air the starlight is going through).

If a star is being observed on the zenith, the amount of air in which the light is

going is small (1 airmass). However, if the star is on the horizon, it goes to several

airmasses, and the light is reduced by

F = F0e� �z

where� is an extinction coe�cient depending on the amount of dust in the atmosphere

and z is the airmass.

On the telescope,� % 20 of the light is lost on the mirrors. After, the light encounter

the �lters, but they are also not 100% transparent. Finally the detector, with a range
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of e�ciencies, and the CCD may be 90% e�cient (3). Moreover, all these quantities are

wavelength dependent and even though blue light is more energetic than red, in the detector

both produce only one electron.

Naming all these e�ciencies asd, and beingt the exposure time,D the diameter of

the telescope,c the speed of light,h the Planck constant, � the mean wavelength of light

by the �lter, and � � the �lter bandpass (width of the �lter), the number of counts that a

detector on the ground detect is

count / F0t
�D 2

4
�
hc

� �e � �z f (4)

We can divide both sides by the exposure time and write in terms of magnitude and

considering that the constants do not change during the observations. WritingC as the

count rate, one has

m = � 2:5 logC+ Az + Km; (5)

To handle the problems of ine�ciences, we observe astandard start with a known

apparent magnitude,m, though di�erent air masses, this give the constantK , so one

can solve forA by noting how the number of counts we detect decreases as the airmass

increases. This results can be used on our object to transform the observed count rate into

apparent magnitude. From measuring the standard time for two di�erent airmass and for

the three �lters, we can obtain the airmass correction by �ting (4),

Vstandard � Vmeasured = � V + � (Bstandard � Vstandard ); (6)

and

Bstandard � Vstandard = � BV + � BV (Bmeasured � Vmeasured ); (7)

into the data, where � BV and � V are zero-points, and� BV and � are the transformation

coe�cients.
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1.2. Main Sequence Fitting

The existence of a main sequence gives a tool for estimating distances to stars, since

stellar parallax can only be applied accurately within� 20 pc of sun. To determine the color

of a star, one measures its apparent magnitude in two di�erent �lters (e.g., B and V) and

subtracts them. If the star is sitting on the main sequence, the color of the stars uniquely

speci�es its absolute magnitude. In order to get the distance to the star, one compares the

star's apparent and absolute magnitude by applying

(m � M ) = 5 log d � 5; (8)

i.e., the observed star is �t to the main sequence. Not all stars are on the main sequence,

however, due the fact that all the stars of a star clusters are at the same distance, when

one measures the entire group and plot apparent magnitude versus color, the non-main

sequence stars become obvious.
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2. Observational Methodology

By presenting aCCD photometryfor the M35 cluster, we select photometric members

and derive many of the the cluster evolution parameters, such asinterstellar reddening and

extinction, distance to the cluster, and age.

The reddening e�ects described in the last session is most clearly seen for a dust-

obscured young (< 500 Myr) open cluster, with early type stars (4). Messier 35 (NGC 2168),

being an intermediate-age open cluster, is a suitable object for these studies. In addition,

its celestial position at RA= 6h8m56:5s and � = 24o210:6 (J2000), close to the galactic plane

(M35 has galactic latitude of roughly 2.2o and galactic longitude of nearly 186.6o (5)), is

convenient to our telescope localization. To derive the absolute magnitudes and to calculate

the airmass, we performed also photometry on the standard HD37557, with 5h 40m 35.78s

and declination 28 deg 58'36.9".

Fig. 1.| M35 and HD37557 Finding charts, obtained from (6).

These objects were observed with a SBIG STL-1001E CCD together with the M.t.

Stony Brook 14-inch telescope, located at 4h52m 30s W Long, 40 deg 54'53" Lat, on March

26th, 2012, from around 9pm to 11pm Eastern Time. The sky conditions were clean but
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windy, and the moon was lunar crescent. We took exposures in three broad-band �lters,

B,V and I, exposing deep enough (through repeated exposures) to probe most of the main

sequence. To calibrate our sciences, we took calibration exposures,i.e., darks (in all the

exposures) and ats, with high and low exposures in each of the �lters.

For the absolute calibration of the apparent photometry, we performed similar

measurements to a photometric standard, satisfying the requirement of being around 5o

of our science �eld and same airmass. The standards were measures at regular intervals

(around 30 minutes) in each of the �lters (B,V, and I) to monitor changes in the atmosphere

transmissions. The choice of the standard was based on (8). The table with number of

images, exposition time, and airmass are shown in the table 1, in the appendix.
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3. Data Reduction

The CCD observations are registered as astronomical images (FITS, Flexibble Image

Transport System), and they contain text headers that can be viewed to quickly identify

contents of the �le. All the observations were taken with 2x2 binning, that is, each pixel in

the �nal FITS image is the average of for pixels. This has the advantage of reducing the

readout time as well as the noise in each pixel. All the analysis were hard coded in IDL and

the source codes are include in the appendix.

3.1. Calibration Process

The �rst step for the data reduction is to remove the various instrumental artifacts of

the CCD, i.e., the calibration of the images. First we subtract from them themaster dark

frames, i.e., high signal-to-noise dark. We then median combine all the images by �lter

type (and by exposure time).

There is variation in the sensitivity of the CCD from one pixel to another (3),

therefore dividing the images by theat �eld frames is necessary for taking out responsivity

variations. From equation 4 , we can claim that the number of counts recorded in the image

on a pixel is a linear function of the ux falling in that pixel in the CCD,

counts = a � ux + b;

where b is the bias (irrelevant here), anda is derived from the uniform/blank screen.

Therefore, when we at �eld the image, we rescale each pixel soa has a common value for

all pixels. The at �eld calibration frames are shown in the picture 2.

Finally, a bad pixel frame was constructed to all �lters and reduced from all the images.

Each step of the calibration of the Cluster and the standard images, in each of the three
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Fig. 2.| Flat frame, for low and high luminosity (exposures) and for the three �lters, B, V,

I, respectively. This process increases the values in the image where the CCD is less sensitive

and decrease them where the CCD is more sensitive.

�lters, is shown in the �gures 3, 4, and 5.

3.2. Astrometry

We rotate the three-�lters calibrated frames by 90o left to have them on the normal

orientation (N, E, S, W, by rotate in IDL). The astrometry of the calibrated images was

performed under the software downloaded from (10) (solve-field ). It builds a standard

header, containing the coordinate transformation between the (X,Y) coordinates on the

image and the equatorial coordinate system (RA, DEC) in J2000.
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3.3. Airmass Curve

We measure the photometry for the standard star, and plot it as a function of airmass

in each �lter, to obtain the airmass curve, for each �lter, �gure 6.

Following equations 6 and 7, we linear �t the plots ofVstandard � Vmeasured vs

(B � V)standard and (B � V)standard vs (B � V)measured , and obtain the transformation

coe�cients. All the magnitudes of cluster elements were corrected from these results.

.

3.4. Photometry

Two IDL procedures are used to get magnitudes. The procedurefind �nds stars in an

image and lists them. The procedureaper takes that list and measures the magnitudes or

uxes of the stars at the positions in the same list.

For the procedurefind , the minimum value above the backgroundfor the brightest

star should be corrected inspected. If setting too high, many faint stars will be lost. If

it is too low, we will have too many uctuations that are not real stars. Usingcurval

command in IDL, we �nd approximated background values for the three �lters, for M35

and the standard. We add three RMS for it (which for bright stars can be approximated

by Poisson,i.e., �
p

N , (12)). The FWHM should not be set too, which would results

on getting \hot" pixels but not stars. Setting it too large would result on getting regions

of anomalous sensitivity that the at-�elding didn't complete removed. We inspect values

some of these variables for the �lters, and chose the FWHM to be 5. This results on around

300 values above the threshold,i.e., 300 candidate to stars.

For the procedureaper, we aim a size of aperture that includes as much of the star's
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light as possible, without including too much sky's background. Since we trusted the

telescope focus was properly calibrated not be properly calibrated, we do not need to choose

a bigger aperture, which might result on lose the dim star in the noise and lose stars ins the

overlap of the apertures. We will use the same values as the FWHM=5 fromfind and the

around 100 stars were found.

3.5. Members Identi�cation

Finally we match the star found with We identify the cluster member stars through

comparisons with published literature, as in (11). In IDL, from routines such assrcor,

ad2xy, makesastr, etc. (see code in the appendix section), we tried to matched as many as

possible the clusters members. However, after some di�erent algorithm tries we are able to

numerically match not more than 5 stars with all the 3 �lters.
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Fig. 3.| Calibration steps for M35 images, for the �lter B: (1) Single 30s exposition after

Gaussian alignment, (2) the raw stack of all 10 images, (3) the stack after being subtracted

by the dark frame, (4) the stack after being divided by the at �eld, (5) the image after the

bad pixel mask, (6) the image after alignment with the other two �lters (after astronometry).
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Fig. 4.| Calibration steps for the �lter V: (1) Single 30s exposition after Gaussian alignment,

(2) the raw stack of images, (3) the stack after being subtracted by the dark frame, (4) the

stack after being divided by the at �eld, (5) the image after the bad pixel mask, (6) the

image after alignment with the other two �lters (after astronometry).
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Fig. 5.| Calibration steps for the �lter I: (1) Single 30s exposition after Gaussian alignment,

(2) the raw stack of images, (3) the stack after being subtracted by the dark frame, (4) the

stack after being divided by the at �eld, (5) the image after the bad pixel mask, (6)) the

image after alignment with the other two �lters (after astronometry).
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Fig. 6.| Airmass curve for our standard.
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4. Data Analysis and Results

4.1. Infering the Extinction from Color-Color Diagram

We consider M32 as relative young open cluster, therefore we should expect many

B-type stars in the main sequence. From (7), we choose the locus of the bluest and most

probable element,B0, table 7. A color-color diagram with our data, the reference data for

M35, and the that main sequence locus is shown in the �gure 10.

Fig. 7.| Calibration of MK spectral types, (7)

The amount of reddening toward the open cluster M35 was inferred,Eb� V = 0:74, and
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Fig. 8.| Color-color diagram of M35.

extinction, AV = 2:27

4.2. Inferring Distance from a Color-Magnitude Diagram

We reduceAV from our measured magnitude andEBV from our measured color index.

A color-magnitude diagram can be seen in the �gure 9. We now compare to the entire main

sequence from (7). We also include again the reference data for M35.

The amount of shift from the main sequence to our data is thedistance moduleof the

cluster, as in equation 8. We calculated numerically this distances and compare to the

distance assuming the galactic extinction law (see the last part of the code, in the appendix).

The �rst resulted Dshif t = 722 � 170 pc, the second was calculated asDgalactic = 593 � 170
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Fig. 9.| Color-magnitude diagram of M35.

pc. These values are somewhat close to the accepted value in the literature,D literature = 850

pc.

4.3. Estimating the Age of the Cluster

We plot and �t two theoretical isochrones (obtained from (2)) in the color-magnitude

diagram. These are absolute V magnitudes and B-V indexes for stellar models of many

masses at �xed ages. To check how it varies with the extinction, and considering ourAV

might be unsure, we �t our data to two isochornes, withAV = 0:6 and AV = 2. Both �ts

to the data, in an attempt to reproduce the actually value of an age of 100 millions of yers

(??), returned values with � 2 > 100
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Fig. 10.| Color-magnitude diagram of M35 together with two isochrones and the reference

data from literature.

Moreover, plotting the isochrones against to B-V should give a better approximation

for the age of the cluster. This would be the most accurate way of measuring the distance,

and can be performed in future studies.
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5. Conclusion

We have showed every step of how to perform photometry in an astronomical object.

Great emphasis in a good calibration and median sum of images frames were demonstrated.

The calculation for corrections for the airmass was obtained through �tting, however these

values were probably very o� from the actual ones. This might be one of the reasons for

the fact that the data was not very feasible when it was performed analysis. On the other

hand, extensive and detailed code for calibration, astrometry, photometry, and analysis

were developed and are available in the appendix. The quality of this set of data did not

show in all the glory the relevant results that photometry yields, but a detailed study and

reference for future studies were developed.

Some results were on the other hand compatible with the reference values. For instance,

the distance of the cluster was correctly inferred by color shift, proving being superior than

the results from only galactic extinction.
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Table 1. Log Sheet

File Number Object Exp. Time (s) Filter UT Zenith (degrees) Comments

1-10 Standard 15 B 02:19 40o

68-77 Standard 15 B 02:49 37o

12-20 Standard 15 V 02:24 40o

78-87 Standard 15 V 02:53 37o

25-34 Standard 5 I 02:30 40o

88-97 Standard 5 I 02:56 37o Dome in the way.

99-108 Standard 5 I 02:59 36o

36-45 M35 15 B 02:36 39o

47-56 M35 15 V 02:40 38o

58-67 M35 15 I 02:44 37:5o

115-124 Flat (high) 1 V

126-135 Flat (low) 0.25 V

176-185 Flat (high) 1 B

186-195 Flat (low) 0.25 B

204-213 Flat (high) 0.1 I

215-224 Flat (low) 0.05 I

225-234 Dark 0.1 I

235-244 Dark 0.05 I

136-145 Dark 0.25 V

146-155 Dark 1 V

156-165 Dark 5 I

166-175 Dark 15 V
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