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Introduction

AstrolmageJ (AlLJ) is a set of astronomical tools for carrying out astronomical differential
photometry on CCD data. In addition to calibrating the data and producing light curves, it can
perform exoplanet transit modeling as well. The purpose of this document is not to show all the
things that AIJ can do; instead it to help the user very quickly carry out the bare minimum steps
needed to produce a light curve. After a light curve is made, the user can then go back and try out
more options and advanced techniques. Note: You should read the entire document before

attempting to calibrate your data.

The AlJ code is maintained by Karen Collins (Vanderbilt and Fisk Universities) and is
based on the NIH program “ImageJ”, plus astronomy-specific additions created (mostly) by
Fredrick Hessman (Georg-August-Universitat, Goettingen). AlJ is written in Java, it works on a
wide variety of operating system platforms. Get the program from this website and install it:
http://www.astro.louisville.edu/software/astroimagej. Once installed, the very first step is to
update the program by starting AlJ and going to the Help menu. This is important because the

version above is not updated and features and bug patches are frequently added to AlJ.

Before doing anything with AlJ, it is important that you have your data organized. I
strongly recommend you create a new folder (directory) and put all your image files (*.fit or
* fits) for the night into that folder. You will need at least twice as much free disk space as the
raw data you download, since after the calibrations, you will have two data sets. (Once you have

calibrated the data, you can delete the raw data.)

Also you will need the following information: The MLO CCD camera has a readout
noise of 3.88 electrons and a gain of 2.13. Because we used liquid nitrogen to cool the CCD, the
dark noise is negligible (<2 e- per pix per hour). The CCD is linear up to 45,000 ADU (counts)

and saturation problems occur at about 55,000. (You don’t need the following info but for


http://www.astro.louisville.edu/software/astroimagej

completeness: The camera has an E2V 42-40 CCD with 2048x2048 pixels. The pixels are 13.5
microns across, which is 0.36 arcseconds on the 40-inch telescope. If you bin the CCD 2x2, then

the image scale is 0.72 arcseconds/pixel.)

When you start up AlJ it will look like this:
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If you haven’t already updated AlJ, be sure to do so now. Click help. Also, see Notes and Tips at

the end of this document.
Data Calibration:

Click the “DP” button to start the CCD “Data Processor”. This will open a new window that will
look like this:
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It may also automatically open another window, the “DP Coordinate Converter”. If it doesn’t,

click on the “compass” icon in the FITS Header Update section. The DP Coordinate

Converter looks like this:
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There is a lot of information here, but we only need to do two things. First, enter the name of
your target in the SIMBAD Object box (e.g. WASP-2). Then choose the appropriate observatory
as the Observatory ID (e.g. choose Mt. Laguna Observatory or Palomar Observatory). The
Standard Coordinates panel should now have the correct RA and Dec for your star (if you have a
working internet connection). To speed things up, uncheck the OSU/internal box. This makes AlJ
compute the BJD time instead of using the BJD tool at the Ohio State University. You can leave
this checked if you have a fast internet connection. Exit the Coordinate Converter when done by

clicking on “File” in the upper left, then exit in the pull-down menu.



Now we are back to the Data Processor window. It has lots of options and looks
complicated, but it is pretty simple. But there’s one “bug” we may need to correct for, then we
can take care of the rest. Find the icon that looks like a wrench in the “FITS Header Updates”

section. Click on the icon, and it will bring up the General FITS Header Settings window.

2 General FITS Header Settings
rFITS Header Input Settings
Target Name Keyword rarcET
Target RA Keyword: | RA_0OBJ
Target DEC Keyword: | DEC_OBJ

Observatery Name Keyword: | TELESCOP
Observatery Latitude Keyword: | SITELAT D negate
Observatery Longitude Keyword: | SITELONG D negate
rFITS Header Quiput Settings
Target J2000 RA Keyword: | RADBJ2K enable
Target J2000 DEC Keyword: | DECOB.J2K enable

Target RA Keyword: | RA_0B. enable

Target DEC Keyword: | DEC_OBJ enable

Target Altitude Keyword: | ALT_OBJ enable

Target Azimuth Keyword: | AZ_0B. enable

Target Hour Angle Keyword: | HA_OBJ enable
Target Zenith Distance Keyword: | ZD_0BJ enable

Target Airmass Keyword: | AIRMASS enable

JD (UTC) start-Obs Keyword: | JO_SOBS enable
JD (UTG) mid-Obs Keyword: | JO_UTC enable

HJD (UTC) mid-Obs Keyweord:| HID_UTC enable
BJD (TDB) mid-Obs Keywor( BJD_UTC enable
Observatory Latitude Keyword: | SITELAT enable
Observatory Longitude Keyword: | SITELONG enable

Toward the bottom, you may need to change the BJD entry from “BJD_UTC” to “BJD_TDB”.

Close/exit the window and this fixes the bug. Now we are back to the Data Processor.

Keep in mind that while it looks quite complex, the Data Processor will really be doing just three
things: creating a master bias image, creating a master flat field image, then calibrating the
science data by subtracting off the master bias and then dividing by the master flat. This may
involve hundreds of millions of arithmetic operations, but fortunately for you, someone already
wrote the program to do all that! All we have to do it tell AIJ where the data are, what the names

of the files are, and click the correct buttons.

First let’s tell A1J where to find the data files. At the top of the window, enter the path
(folder or directory name) of where the target data reside into the box at the top called Science
Image Processing. (If the box is grayed out and you can’t enter anything, click the enable box to
the left.) Then enter the filename pattern that matches your target star observations. In other

words, you want AlJ to know what you target star filenames are, and not confuse them with the



calibration files. So for example, if all your science observations start with the letters “HD209”,

enter “HD209*” in the Filename/Pattern box. Be careful: uppercase/lowercase matters here.
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Now let’s tell AIJ how to make a “master” bias image. Go to the Bias Subtraction area and check
the “Build” box and select the median option (the “med” button). In the Filename/Pattern box
enter something like “bias*.fit” to tell ALJ the names of all your bias images [note that the
character “*” acts like a wildcard so that any file that starts with the letters b-i-a-s will be treated

as a bias image]. Now enter a filename for the master bias file: “masterbias.fit” is a good name.

Bias Sub
Build ) ave ® med | |'& |bias“.fit |'d
Enable | |'& |masterbias.fit |'_Iy

Now we do the same for the flat fields. Tell AIJ to median combine the flats, the name of the flat
field files, and the name of the flat field image to save (“masterflat.fit” or something like that).
The remove gradient is a fine detail - it may or may not help. Leave it unchecked for now, but

later you may want to re-calibrate your data and can enable this option.

Flat Division

Build ) ave @ med | |'& |f|at“.fit |"J
Enable Remove Gradient | |'& |masterﬂat.fit |"J

Notice that at the far right you’ll see numbers that tell you how many bias and flatfield images

AlJ has found in the directory you specified. There are 11 of each in the above example.

In the “Saved Calibrated Images” section near the bottom of the window, click on the 32 button.
This tells AIJ to do 32-bit floating point math, not 16-bit integer arithmetic. Then enter a name
for the folder that will contain your calibrated science images. The default is “pipelineout” and it
is fine to keep that. Also enter the suffix that will be appended onto you science image filenames.

The default is “_out” and that is fine.

Save Calibrated Images
Enable 116 w32 Sub-dir:||}i|}e|ineuut | Suffix:|_ﬂut




Okay, we are just about ready to do the bias and flat field calibrations. If they are not already
checked, check the “Enable” box for the Bias Subtraction panel, the ‘Enable” box in the Flat
Division panel, and the “Enable” box in the Science Image Processing (SIP) section at the top.
Also, make sure the “General” box is checked in the FITS Header Updates section, and also the
Save Calibrated Images box is enabled. I recommend you keep the sub-dir name “pipelineout™

and the suffix “_out” to denote that these are calibrated files.

When you are ready, click “Start”. ALJ will pop open (i) a log file window and (ii) an image
display window that shows the CCD images as they are being calibrated. The calibration may
take ~10 minutes depending on how many data images (CCD files) we have. If you have
thousands of large CCD image, it can take tens of minutes. If you have just a few hundred, this

may only take a few minutes, depending on the speed of your computer.

During this calibration step A1J will create many new files. Two of these are the
masterbias.fit and masterflat.fit files. And in the “pipelineout” subfolder there will be all the

calibrated CCD images. Congrats, you now have science-quality data to work with!

Exit/close the CCD Data Processor window, the image display window, and any log file

windows, leaving only the main AlJ window open.

Image Alignment

»

If the telescope is good at keeping the star on the same pixels all night long (known as “tracking
or “guiding”) then after the previous calibration step we can start doing the aperture photometry.
But if the star jumps around or drifts a lot, then the software may have trouble finding the star
after a big jump. The program will then stop with an error message, or worse, it may think a
different star is the one you are interested in and give you bad results! So to fix this, we will first
need to align all the images. While this is pretty straightforward, if there are big jumps, even this
step can fail when done in an automated mode. When that happens, you simply have to tell AIJ
where the target star is located on every image. That’s a lot of mouse clicking if you have 1000
images, but at least it works. We will assume that the jumps are not so bad that we need to go

into manual mode, but it’s good to know such an option exists.



So do we need to align the images? The answer is yes if there are any jumps that are substantially
larger then your photometry aperture. That usually means 10 pixels or so. The good news is that

there’s no harm in aligning things, so it is always safe to do. So let’s get started.

In the main AstrolmageJ window, load in the calibrated data (not the original raw data!). To do
so, click on “file”, the select “import” > “image sequence” tab. Open the folder that contains
your calibrated images (the default name is “pipelineout” and they should suffix “_out.fit”) and
choose just one of your calibrated images (the first one is best) and click Open. Then following

Sequence Options window pops up:

@ 2 Seque..tions

rumberetimages: 772 This tells you how many target images AlJ has found and will

Etarting image: |1 . L.
’_ process. Verify that this is correct. In the above example, there are
Incrernent: (1
779 science target image files (.fit files). If you want to make sure
Scale images: (100 %

you are not unintentionally including any calibration images (like

File name contains: ;ASPQ

masterflat.fit), you can enter part of the target filename into the “file
or enter pattern: |

name contains” box. (Do not include an asterisk * as a wildcard.)
Convert to RGE
w Sort names numerically

w Use virtual stack
816X 381 X779 (323.9ME) If you choose “Use virtual stack” AlJ will run faster, but it may take

gk | [Cancsl] [Hele| hyp a lot of the memory on your computer. Ironically, if it takes up too

much memory, everything will come to a slow crawl. If you don’t check the box, then A1J will
read the CCD images one by one off of your disk. This is slower, but uses much less memory.
(I’ve found that either option works fine on most computers, but if you have an old laptop that is
already running slowly, it is probably safer to not use the virtual stack.) Click OK, and a new

window will appear that displays the first image in the sequence. It will look something like this:
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Verify that the correct number of images have been found by looking at the numbers just under

the “File” tab in the upper left. In the above example, it says “1/779” (filename), meaning that

this is the first of 779 images to be aligned.

If the image looks too dark or light, you can adjust things with the two sliders at the bottom. The
blue part of the histogram range (shown in gray) is the range that is displayed. You can adjust
this to your taste. Note that the brightness may be inverted (black stars on a white sky). This is

often much better when viewing things on a screen and especially printing things out. The look-

up table (LUT) can be inverted by clicking on the icon with the black+white boxes.



Now that we’ve selected the images, let’s click on the “align stack” button icon that looks like

this: ﬁi . A window will pop up that has the options for how to do the alignment.

The first and last “slice” should

T¢I stack Aligner

First slice
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Last slice 7
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_ _ _ . reference image.)

Use single step mode (1-<¢lick to set first aperture location in each image)

Allow aperture changes between slices in single step mode (right click to advanee image)

The “Radius of object aperture” is the

Remove background and s¢ale ta commaon level

W Align only to whole pixels (no interpolation)

W' Show help panel during aperture selection.
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most important number in the alignment
step. It needs to be big enough to

encompass the largest jump size between

Aligned images will be placed in the sub-directary aligned .
The news aligned stack must be opened after alignment processing is finished.

any two images. But it should not be too

Click "0K" and select image alignment stars with left clicks.
Then right lick ar press <Enter=to begin alignment process.
To abort alignment star selection ar progessing, press <ESC=

big, or AIJ might find the wrong star. In

this example, it is set at 40 pixels, and this
Ok Cancel

is about the size of the biggest jump

during this particular night. But 20 pixels might be better if there are no large jumps. The inner
and outer radius of the background is not important for image alignment, but they need to be a

little bit larger than the object radius.

The option to align to whole pixels may be useful in some cases, but it does not matter much for
aperture photometry. (It matters if you want to combine all the images into one single sharp
image that is equivalent to a very long exposure.) Click OK and a big window with the first
image will be displayed like shown below. As the night goes on, the stars may drift a lot if the
telescope autoguider is not being used. To see how much drift, use the slider bar located above
the histogram part (the gray bar near the bottom with the left and right arrows at the ends). Slide
the bar from the left to the right to see the different CCD images. By comparing the first and last



images, you can get an idea of what stars to use to align the images - any stars that drift off the

CCD cannot be used for anything.

In the image, move your cursor around to choose a few bright, clean, isolated stars. To select a
star, click with the left mouse button. Always pick your target star first. Choose at least 3 stars,
don’t pick a star too close to any edge, and always avoid a star that is too bright and saturated

(above 65,536 counts, which is 2'°).
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Your image will look something like the above, though of course the star pattern will be
different. The green circles denote the target star, and the red circles show the comparison stars.
(The blue ones just follows your mouse/cursor). The radii of the circles were set in the prior
dialog box to be 40 pixels from the center, and the sky annulus goes from 50 to 60 pixels. It
might be better to choose smaller circles, but it is hard to know in advance. In this example, only
4 stars were used. If you can find more bright isolated stars (~10), then use more. The good news

is that you can try this several times, and there’s no harm is trying several sizes.



Once you have selected your stars, hit the return key and AlJ will then display all the images and
track their positions. It will look like the image is jittering around a bit, and you may see the
occasional cosmic ray. As the night goes on, you may see the focus change a bit, or the sky

conditions grow worse and the background level get brighter.

When the alignment step is done, ALJ will tell you it has completed the task. It writes to disk all
the images, with the prefix “aligned_” in front of the filenames. The aligned images are saved
into a subfolder called “aligned”. These are the images to use for differential photometry. Be sure
to use these images, not the un-aligned ones in the “pipeline_out” directory. While it is not
necessary, it keeps your screen tidy to close the window that displays the images and apertures,

getting you back to just the small AstrolmageJ panel.

Differential Aperture Photometry

Now that we have calibrated (and aligned) CCD images ready to go, o

O Seque..tions
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A large window will open and the first image will be displayed. So far, this looks very much the

same as the image alignment Bl BEE

File  Preferences  Secale  View  Annotate  Edit  Process Color  Analyze  WCS
1/779 (WASP-2_0007-trim); 816x381 pixels; 32-bit; 324MB (No WCS)
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To carry out the differential
photometry, we will need to

select a few stars and measure

their brightness (total flux) in

»
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We use the multi-aperture photometry tool for that. Click on the symbol with the two apertures
.
el

A window will appear where you can specify the first and last image to measure (the “slice”

number) and the size of the apertures, i.e., the radius of the object aperture and the background
sky annulus. You need to pick the target aperture with some care. You want it large enough to
capture most of the light from the star, but small enough that it minimizes faint pixels that
contain mostly noise. In general, it is a tradeoff between accuracy and precision. A good starting
guess is something like 1 or 2 times the full-width-half-max (fwhm) of the star. So typically, this
is roughly 5-10 pixels. Let’s start with 10 pixels as an initial guess. You may want to repeat this
with a different size later. The background sky annulus needs to be larger than the object
aperture. Choose an inner radius is bigger than the object aperture and beyond the edge of the
“bright part” of the star. The outer radius should be at least 10 pixels larger than the inner. It can
be very big (like 50 pix), but don’t make it too big in case there are residual flat field tilts that

have not calibrated out, or if there is true nebulosity nearby.



+ O Multi-Aperture Measurements

First slice ,ﬁ r
Lastslies ] [ IWT
Radius of object aperture | | ’m_
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Outer radiug of background annulus [ [ ’35_
__|Use previous § apertures (1-click to set first aperture lneation)
__|Use RA/Dec to locate aperture positions

__|Use single step rmode (1-click to set first aperture location in each image)

" | Allow aperture changes between 5licss in single step mods (right ¢lick to advanee imags)
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W Update table and plot whilg running W Show halp panal during apertura selection

CLICK. PLACE APERTURES AND SELECT APERTURE LOCATIONS WITH LEFT CLICKS.

THEN RIGHT CLICK or<EMTER= TO BEGIN PROCESSING.
(to abort aperture selection or processing, press <ESC=)

Place Apertures | Aperture Settings | Cancel |

Most of the other values you can leave as the

default setting, as shown here.

At the bottom of this window is a button called
“Aperture Settings”.This is where you tell AlJ
information about the CCD you are using, like the
gain and the readout noise of the CCD. Click on this
button to bring up the Aperture Photometry Settings
window. Enter in the CCD gain, CCD readout noise,
and CCD dark current (if any). Also enter the levels
where the CCD starts to become non-linear because
[the star is too bright and saturates. Typically these
are around 35-45,000 and 65,536.
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W Rernove stars from backgnd | |Mark removed pixels
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I
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i
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§
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For MLO, the CCD has been tested to be linear up to 45,000 ADU. If you want to be cautious
about the saturation you can choose number which are somewhat lower. These have no impact
on the results, but a warning message will be recorded in the output file that the object may not

be trustworthy if its peak exceeds these thresholds.

Click OK when done, and this brings you back the previous window. At the bottom, click “Place
Apertures” to tell AIJ which stars to use. This will close the current window and display the first
image. The cursor will show the aperture size (inner circle) and the sky annulus region (the
middle outer circles).

S5 @ aligned (V) (110%)

File Preferahoss Scale View  Annotate Edit Process Color  Analyze  WCHS
1/780 (aligned_WASP-2_0001-trim); 816x381 pixels; 32-bit; 925MB (No WCS)

Image. X: 800.4832  ImageJ Y: -21.0470 Walue: 0.0000

RA: DEC: Peak: 0.0000

FITS X: 800.9832 FITSY: 402.5470 Int Cnts: 0.0000
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550.0000 :min 550.0000 black mean: 582.0457 white: 1,002.1514 max: 42 852 0000




As before, to choose your stars put your cursor over the star and left-click with the mouse. The
first star you choose must be your target star. It will be indicated by a set of green rings and the
symbol “T1”. The next left-mouse clicks will then select your comparison stars (shown with red
apertures). The target star will always have number “T1” and the comparison stars will always
have numbers C2, C3, C4,... You want at least 2 comparison stars, but more is better. Ideally
they should be about the same brightness as your target star. Don’t choose faint stars or stars that
look blended with other stars, or overly bright (saturated) stars, or stars too close to any edges.

Do not to choose stars that might drift off the CCD if the guiding was poor.

When you are finished choosing the target and comparison stars, press “enter” to begin the
aperture photometry processing. A bunch of windows may pop up (depending on the option
settings), showing you AlJ making the measurements on each of the images. Note that for about
1000 CCD images, the differential aperture photometry could take roughly 5-15 minutes,
depending on how fast your computer is. On the image display, you can see the apertures
measuring the light from the stars. Another window will show the points being drawn one-by-
one as they are measured. Several other windows related to the options for plotting will pop up.

It may make your computers creen very crowded!

Fortunately with all these things going on there’s really only one thing we need to do, and
that is to save the results to a file that we can then use later. While the plotting tools in AlJ have
some powerful capability, they are also very cumbersome to use and are unforgiving. So let’s
plot things using some other simpler program (like qtgrace). To save the results from AlJ, find

the “Multi-plot Reference Star Setting” window, and at the bottom left is the “save table” button.

EE 0 Multi-plot Reference Star Settings

Select reference stars to include in tot_C_cnts and rel_flux calculations

| Show Magnitudes ‘ ‘ Hide Magnitudes
Reference Star Selection
| None ” All H Set ” Cycle Enabled Stars Less One ” Cycle Individual Stars |

T c2 c3 c4 c5
u
Green checkbox border - aperture peak count under linearity limit

Yellow checkbox border - aperture peak count over linearity limit

Red checkbox border - aperture peak count over saturation limit

Save/Show Current Configuration
Save Table ‘ | Save Apertures | ‘ Send to Multi-aperture ‘ ‘ Show Apertures




Click this and all the A1J results will be stored to a large spreadsheet file called
“Measurements.xIs”. You can then open this with a spreadsheet program and see all the

information it contains.

B o/ vezeiramers - ioreoiee cac _Jalx
File Edt View Inset Format Sheet Data Tools Window Help
H-A F#Ea LD % Q
Lbetionsans  ~ 10 v 1§ § U £ SE2 Jwe e st @A=L 2= EEEE
A v E = || =
{ 3 | o | E [ F [ J K| N [ o [ P [ Q [ R
Label slice |Saturated J.D.-2400000 JD_UTC JD_SOBS HID_UTC [BID_TDB ARMASS ALT_OBJ (CCD-TEMP EXFTIME RAOBJ2K DECOBJ2K el flux T1 rel_fix_C2 rel flu o @
2 | 1faligned WASP-2_0001-trim fit 1] 0 57684.62627| 2457684.626267NaN NaN NaN 1.14246/NaN NaN NaN NaN NaN 0318066 0318986 0091 || mn
3 2laligned WASP-2_0002-trim fit 2 0 57684.62644) 2457684626441 NaN NaN NaN 1.14246/NaN NaN NaN NaN NaN 031848/ 0318674 0.09
4| 3ligned WASP-2_0003-rim fit 3 0| 57684.62659 2457684626591 NaN NaN NaN 1.143456NaN NaN NaN NaN NaN 031808 0318039 0.00
5 | 4faligned WASP-2_0004-trim fit 4 0 57684.62677| 2457684.626765NaN NaN NaN 1.143456NaN NaN NaN NaN NaN 0.318091 0317675 0.09
| 6 | Slaligned_WASP-2_0005-trim fit 5 0 57684.62694 2457684.626939 NalN NaN NaN 1.143456/NaN NaN NaN NaN NaN 0.319866 031921 0.09°
| 7 | 6laligned_WASP-2_0006-trim fit 6 0 57684.6271 2457684.627101 NaN NaN NaN 1.143456/NaN NaN NaN NaN NaN 0.317937| 0.319459 0.09°
8 | 7laligned_WASP-2_0007-trim fit 7 0 57684.62726 2457684.627263 NalN NaN NaN 1.144451|NaN NaN NaN NaN NaN 0.320868| 0.317894) 0.09 B
9 | 8laligned_WASP-2_0008-trim fit 8 0 57684.62743 2457684.627425NalN NaN NaN 1.144451|NaN NaN NaN NaN NaN 0.319222| 0.319244 0.0:
10| olaligned WASP-2_0003-trim fit 9 0 5768462758 2457684.627587 NalN NaN NaN 1.144451 NaN NaN NaN NaN NaN 0317621 0318221 0.09
11| 10fligned waSP-2_0010-rim/fit| 10 0 5768462776 2457684.62776/NaN NaN NaN 1.144451 NaN NaN NaN NaN NaN 0319191 0319394 0.09'
12 | 1faligned wasP-2_oon-rimifit | 11 0| 57684.62792| 2457684.627922NaN NaN NaN 1.145447 NaN NaN NaN NaN NaN 0.318769| 0317869  0.09
13| 12fligned WaASP-2_0012-rimfit| 12 0 57684.62808 2457684.628084NaN NaN NaN 1.145447 NaN NaN NaN NaN NaN 0.320614] 0318996 0.09
14| 13fligned WASP-2_0013-rimfit| 13 0 57684.62826| 2457684.628258NalN NaN NaN 1.145447 NaN NaN NaN NaN NaN 0319591 0316799 0.09
15 | 14faligned WASP-2_0014-rimfit| 14 0 5768462841 2457684.628409NalN NaN NaN 1.145447 NaN NaN NaN NaN NaN 0319281 0319016  0.09
16 | 15@ligned WASP-2_0015-rimfit| 15 0| 57684.62858| 2457684.628582NaN NaN NaN 1.146442 NaN NaN NaN NaN NaN 0321033 0316818 0.09'
17 | 16faligned WASP-2_0016-rimfit| 16 0 57684.62874) 2457684.628744NaN NaN NaN 1.146442 NaN NaN NaN NaN NaN 0.320504| 0317212 0.09
18 | 17faligned WASP-2_0017-rimfit| 17 0 57684.62891 2457684628906/ NaN NaN NaN 1.146442 NaN NaN NaN NaN NaN 0.320294| 0318995 0.09
19 | 18faligned WASP-2_0018-rimfit| 18 0 57684.62908| 2457684.62908NaN NaN NaN 1.147438 NaN NaN NaN NaN NaN 0319173 0317554 0.09
20 | 190aligned WASP-2_0018-rimfit| 19 0 57684.62924) 2457684.629242NaN NaN NaN 1.147438 NaN NaN NaN NaN NaN 0320133 0318388 0.09
21| 20[ligned_WASP-2_0020-rimfit| 20 0 57684.62942| 2457684.629416/NaN NaN NaN 1.147438 NaN NaN NaN NaN NaN 0.31888L 0318338 0.09
22| 210aligned WASP-2_0021-rimfit| 21 0 57684.62958| 2457684629578 NaN NaN NaN 1.147438 NaN NaN NaN NaN NaN 031932 0319504 0.0
23| 22fligned WASP-2_0022-rimfit| 22 0 57684.62974) 2457684.62974NaN NaN NaN 1.148433NaN NaN NaN NaN NaN 0317845 0317112 0.09
24| 23faligned WASP-2_0023-rimfit| 23 0 57684.6299 2457684.629902NaN NaN NaN 1.148433NaN NaN NaN NaN NaN 031725/ 0316883 0.09
25 | 2dfaligned WASP-2_0024-rimfit| 24 0 57684.63006| 2457684.630064/NaN NaN NaN 1.148433NaN NaN NaN NaN NaN 0317976/ 0318372 0.09
26 | 25[aligned WASP-2_0025-rimfit| 25 0 57684.63024) 2457684.630237NaN NaN NaN 1.148433NaN NaN NaN NaN NaN 0.317668 0318677 0.09
27 | 26laligned_WASP-2_0026-rimfit| 26 0/57684.630411 2457684.630411 NaN NaN NaN 1.149429 NaN NaN NaN NaN NaN 032034 031933 0.09
28 | 27faligned WASP-2_0027-rimfit| 27 62746 57684.63057 2457684.630573NaN NaN NaN 1.149429 NaN NaN NaN NaN NaN 0.320653 0321407 0.09
29 | 28laligned_WASP-2_0028-rim fit| 28 0 57684.63074] 2457684.630735NaN NaN NaN 1.149429NaN NaN NaN NaN NaN 0.318194] 0318615  0.09
30 | 29faligned_WASP-2_0029-rimfit| 29 0 57684.63091| 2457684.630909NaN NaN NaN 1.150425 NaN NaN NaN NaN NaN 0.319244] 0318814 0.09'
31 | 30aligned_WASP-2_0030-rimfit| 30 0 57684.63L07| 2457684.631071NaN NaN NaN 1.150425 NaN NaN NaN NaN NaN 0320998/ 0318793 0.09
32 | 31faligned_WASP-2_0031-rimfit| 31 0 57684.63124) 2457684.631244NaN NaN NaN 1.150425 NaN NaN NaN NaN NaN 0.319955 0318424 0.09
33| 32aligned WASP-2_00324rimfit| 32 65279 57684.631412457684.631406NaN NaN NaN 1.15142/NaN NaN NaN NaN NaN 0.318308/ 0319331 0.09
34| 33ligned WASP-2_0033rimfit| 33 0| 57684.63157| 2457684631568 NaN NaN NaN 1.15142/NaN NaN NaN NaN NaN 0.31806/ 0317966 0.09
35 | 34faligned WASP-2_0034-trimfit| 34 0 57684.63174) 2457684.631742NaN NaN NaN 1.15142/NaN NaN NaN NaN NaN 0.318915/ 0318926 0.09
36 | 35@ligned WASP-2_0035-trimfit| 35 0 5768463192 2457684.631916/NaN NaN NaN 1.15142/NaN NaN NaN NaN NaN 0.318479] 0318103 0.09
37 | 36faligned WASP-2_0036-rimfit| 36 0 57684.63208 2457684632089 NaN NaN NaN 1.152416NaN NaN NaN NaN NaN 0.319766/ 0318894 0.09
38 | 37[ligned WASP-2_0037-trimfit| 37 0| 57684.63225| 2457684632251 NaN NaN NaN 1.152416NaN NaN NaN NaN NaN 0319839 0319691 0.09
30 | 38lalianed WASP-2 0038-rimfit| 38 0/ 5768463243/ 2457684.632425/NaN NaN NaN 1.152416/NaN NaN NaN NaN NaN 0319185 031782 0.09 ¥
>
+ | Measurements
X} v Find All (] Search Formatted Display String (] Match Case = %
Sheet 1 of 1 Defauit - Sum=0 - D + 120%

The three most important columns are the time, the differential flux in the target (which is the
brightness of the star relative to the comparison stars), and the uncertainty in the differential flux.
There are several times one could use. The “JD_UTC” column is one choice. The target star
light curve is in the column called “rel_flux_T1” (standing for relative flux from target T1), and
its error bars are in the column “rel_flux_T1”. You might want to copy these column to a
separate spreadsheet page, then save these as a simpler spreadsheet or as a plain text file. This

humongous spreadsheet has all the differential

aperture photometry in it. This is good, but very

Select datasets in the order (left to right) desired in the output file.
Mo eolurnn will be output for blank selections.

UHWIEIdy. Murnber of data selection boxes (next time): || | |5

Data Column 1:
Data Column 2: | rel_flux_T1 =
Data Column 3 rel_flux_er_T1  —
Data Column 4: 4
Data Column &: 4

i Save columnn headings

A much cleaner way to save the light curve is
as so: Find the “Multi-plot Main” window and click

on “File”, then in the long pull-down menu, click on

W Comment headings with #

the “Save data subset to file”. Select the three

_|Save row numbers _|Save row labels

Ok Caneel




columns you want to save to do the science you want: these are going to be time, flux, and
uncertainty. For time, you can use either JD_UTC or BJD_TDB. For flux, you want
“rel_flux_T1” for your target. For the uncertainty, you want “rel_flux_err_T1”. Once you select
the three columns you want, click OK. Save the file with a name like “exoplanet_aperture10.dat”
or something similar (though you can keep the default name “Measurements_subset.dat”). The
“aperture10” is to remind you of the size of the aperture you used to do the photometry. Now you
can make a light curve figure from this simple 3-column file with xmgrace/qtgrace or whatever

program you prefer.

DOING IT BETTER:

After you complete your first differential aperture photometry data reduction, you might be
wondering, did I choose all those parameters correctly? What if I choose a different size
aperture? Or what if I used different comparison stars? The former question requires you to run
AlJ again, but now that you know how to do it, it’ll go much faster and easier. Just be sure to
copy your prior results (the spreadsheet and the Measurements_subset.dat file) to someplace
where AlJ won’t overwrite them. The size of the aperture can make a huge difference on the
quality of the resulting light curve. Alas, there is no easy way to know what size to use - you just
do a few and see which one comes out better. By “better”, I mean that the light curve is less
noisy. One could carefully measure the light curve noise (the rms or standard deviation in regions

outside of a transit for example), but often just eyeballing it gets you most of the way there.

If there are not lots of stars close to overlapping, the size of the sky background annulus makes
little difference, once it is big enough to contain lots of pixels. So you don’t need to play with

this option.

To determine what comparison stars to use, ALJ has a very nice feature to let you test different
cases very easily. It might be that one of your stars is actually a variable star, or has some other
peculiarity (or is just faint and noisy). With this feature you can quickly see if any of your stars

are not so good. Find the Multi-plot Reference Star Settings window.



The (usually green) boxes with the C2,
C3, C4, etc. labels stand for the individual
comparison stars. By clicking on the box,
you toggle whether or not that particular
comparison star is used. So for example,
if you click on the C2 box, you will “turn
off” comparison star #2, and the relative
photometry won’t use that star. This is
very useful in case a comparison star turns

out to actually be a variable star, or is so

== 2 Multi-plot Reference Star Settings

Select reference stars to include in tot_C_cnts and rel_flux calculations

| Show Magnitud || Hide Magnitud
Reference Star Selection
| None ” All ” Set ” Cycle Enabled Stars Less One ” Cycle Individual Stars |

T c2 c3 c4 c5
O
Green checkbox border - aperture peak count under linearity limit

Yellow checkbox border - aperture peak count over linearity limit
Red checkbox border - aperture peak count over saturation limit

Save/Show Current Configuration
| Save Table | | Save Apertures | | Send to Multi-aperture | | Show Apertures |

faint that it just adds noise, or for whatever reason it just misbehaves (maybe it is on a bad

pixel?). Toggle on and off the various comparison stars and look at how the plot changes to

determine which stars you want to keep. Once you decide on which stars, and what size aperture,

save the results.

NOTES AND TIPS

NOTE 1: As of 2016 Oct 26, you will need the “daily build” of AlJ to have the latest version

that includes a patch to enable reading of MLO fits header exposure time. This is necessary if

you want AlJ to determine precise times, like BJD. So when updating A1J (under the Help button

on the main AlJ panel and update AstrolmageJ), choose the daily build in the pulldown menu.

Note that you actually have to scroll *up* to get this option - it is a bit hidden.

Click "OK", to download and install the selected upgrade.
After a suceessful download, Astrolmaged will exit.
Restart Astrolmaged to run the upgraded wersion.

@ O Astrolmage] Updater

Upgrade To: | daily build —

¥au are currently running Astralmaged db3.2.1.

DK| Canoel| Release Motes




NOTE 2: It is possible during the differential photometry measurement process that you may

receive an error similar to this:

Mo signal for centroid in aperture T1 of image WASP-0345_out_out fits. Multi-Aperture aborted.

By clicking the @ icon you can remove the offending image from the sequence list that AlJ is
working on. You can then restart the multi-aperture photometry processing from the next image.
But go back and check to see why AlJ had trouble. Find out what is wrong, and determine if it is

justifiable to delete that image - was it somehow bad? Clobbered by a cosmic ray?

NOTE 3: This document was based in part on a draft AlJ guide written by Matthew Garrett
(SDSU Astronomy undergrad student) in 2015. Thanks Matthew!



