
1О Photometry

For amateurs who want to make real contributions to astronomy, few areas offer
greater opportunities than photometry. Photometric measurements сап pinpoint
tbe exchange of mass between distant binary stars, reveal the tumbling of aster­
oids, or track the decline in the brightness of а supernova.

Photometry is the measurement of the changing brightness of celestial оЬ­

jects over time. The advent of CCD imaging has made photometry easier and more
practical than ever before for both professional and amateur observers; not only
because the ССО is both sensitive and highly linear, but also because it captures
а two-dimensional "virtual sky" for careful analysis at а later date.

Опсе уои have made а set of observations, photometric measurements of the
images are fairly straightforward. Lew Cook, ап amateur astronomer and рЬо­

tometrist, summarized his observing philosophy this way, "Nighttime is for оЬ­

serving. Daytime is for data processing. Cloudy nights are for sleeping, going to
the movies, and taking yourwife to dinner. 1 shoot Friday night, reduce data and
emaillight curves Saturday afternoon, shoot Saturday evening, reduce data and
emaillightcurves Sunday. Уои сап make discoveries that way!"

This chapter explains the methods and practices of modern CCD photometry
in enough detail to get уои interested in trying а few simple projects. Perhaps уои
will discover the great satisfaction that comes from measuring those subtle chang­
es in starlight that tell us what is going оп in the cosmos.

10.1 Magnitudes: How Bright Is This Star?

Тhe ancient Greeks divided stars into six classes Ьу magnitude, literally Ьу their
size. Between 141 and 127 В.С., the Greek astronomer Hipparchus compiled а cat­
alog of about опе thousand naked-eye stars, listing both positions and magnitudes.
Just as we do today, this catalog listed the brightest stars as first magnitude, and
the faintest visible to the naked еуе as sixth magnitude.

Nearly two thousand years later, the English astronomer Norman Pogson
quantified measures of star brightness, and found that those ranked as first magni­
tude were roughly 100 times brighter than stars of the sixth magnitude. Не also
recognized that еасЬ step of опе magnitude represented the same ratio of bright­
ness relative to the next. In 1856, Pogson proposed that а step of опе magnitude
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should Ье defined as а factor of V100 = 2.512... in brightness, thereby making
fiуе magnitudes correspond exactly to а brightness difference of 100 times.

ТЬе Pogson scale was subsequently formalized into our current system of
magnitudes, and the basis of modern photometry laid Ьу 1900 with а mixture of
visual and photographic measurements. Visual estimates seldom Ьауе ап uncer­
tainty lower than 0.2 magnitude (about 20% accuracy), and photographic photom­
etry cannot easily Ье pushed to better than 0.05 magnitude (about 5% accuracy).
It was not until after World War 11 and the invention of the photomultiplier tube
that astronomers could routinely measure stellar brightness to 0.01 magnitude
(about 1% accuracy), and, with the aid of the 200-inch Hale telescope, extend re­
liable measurements of stellar brightness to the 20th magnitude.

Today ап amateur astronomer with а CCD camera оп ап 8-inch telescope сап

reach the 20th magnitude, and more importantly, perform high-quality photome­
try оп stars of the 14th magnitude.

10.1.1 Magnitudes Are Comparisons

Our definition of magnitude, derived from the ancient Greeks, implies а compar­
ison between stars. Pogson defined differences in magnitude. In fact, the formal
definition is written as the logarithm of the ratio of flux (light) from the two stars:

(Equ.10.1)

What this equation says is that the difference between the magnitude of two stars,
д.m or m 1- m2' depends оп the ratio oftheir fluxes F 1 and F2, and that's аН.

ТЬе definition has nothing to say about magnitudes per se-it speaks only of
magnitude differences. In other words, to determine the magnitude of а star, уои
must compare its brightness to the brightness of another star whose magnitude уоu

already know! То find the magnitude of the unknown star, уои compute а ratio of
the instrumental responses, С1/С2 , find the logarithm, multiply Ьу -2.5, and add
the accepted magnitude of а standard star:

(Equ.10.2)

ТЬе magnitude of the "known" star is thus the standard against which we de­
fine the magnitude of the star whose brightness we want to know. Опсе уоu grasp
this crucial point, photometry makes а lot more sense.

10.1.2 Aperture Photometry

Measuring the totallight in а star image is simple in principle. ТЬе image of а star
is а digital сору of а smal1 section of sky. It includes light from the star as weH as
background sky light. ТЬе light of the star is spread over а sizeable number of pix­
els, and extends to а considerably greater distance than is obvious. То extract the
brightness of the star from the image, it is necessary to add ир starlight from аН of
the pixels illuminated Ьу it, and then to estimate the contribution from the sky
background and subtract that.
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Section 10.1: Magnitudes: How Bright Is This Star?

F'lQure 10.1 То determine а star's brightness, you find the total pixel value inside the
aperture (which contains skylight as well as starlight). Next, you measure the
sky brightness between the inner annulus and outer annulus and subtract
the skylight from the total in the aperture. The result is the star's brightness.

In the foIlowing sections we describe how to sum the pixeIs in the star image,
how to detennine the sky contribution, and how to convert the result into а raw
instrumentaI magnitude.

10.1.2.1 Summing the Star's Light

The classic technique for sumrning the Iight from а star is caIled aperture photoт­
etry. Тhe aperture is а smaIl patch of pixeIs that contains а star image. Because
stars don't have sharp edges, Ьи! instead bIend into the surrounding sky, to capture
all of а star' s light it is necessary to make the aperture Iarger than the apparent size
ofthe star image.

А convenient way to express the size of а star image is to treat it as а Gaus­
sian blur, and to express its "radius" as the Gaussian sigma (а). Alternatively, the
diameter of star images сап Ье expressed as the full width haifтaxiтum,abbrevi­
ated FWHM. FWHM is the diameter of the star image а! the point that its intensity
has faIlen to haIf its peak value. In either case, star image size is measured in pix­
els. For star images with а Gaussian intensity рюfiIе:

FWHM = 2.37а. (Equ.10.3)
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• Tip: Click оп аnу star's image with the Star /mage Тоо! in AIP4Win,
and уоu 'll get back the star's (х,у) coordinates, its sigma radius,
its full width halfmaximum, and other useful characteristics.

То capture as тисЬ light as possible from а star image, the aperture should
Ье sized considerably larger than it. As а rule of thumb, photometrists often set the
radius of the aperture to five times the sigma radius of the star image. In ап image
with tight, well-focused stars, the sigma radius often measures between 0.9 and
1.4 pixels, so ап aperture radius of 6 pixels is а good all-around size.

Totalling а star' s light is quite straightforward. Given the 10cation of the star
image, the photometric software computes the centroid ("center of gravity") ofthe­
star image, then totals the value of every pixel inside the aperture radius. Note,
however, that the total pixel value includes not опlу starlight, but also the back­
ground glow of the night sky.

In equation form, given naperture image pixels, р(n) , lying less than distance
R aperture from the centroid of the star image, уои сап compute Сaperture' the total
pixel value inside the aperture radius:

naperture

Caperture L р(n) [ADU].

n=О

(Equ.10.4)

When Raperture is very small, the aperture will Ье ragged at the outside edge and
starlight that should Ье included mау Ье 10st; but whenever this radius is reason­
аЫу large, the aperture will include аll pixels containing significant amounts of
starlight.

10.1.2.2 Subtracting Sky Background

In classic photoelectric photometry, the sky background brightness was measured
Ьу pointing the telescope at а blank patch of sky near the star. ССО photometry
offers а better option: sample the sky background in ап annulus (donut) suпоuпd­

ing the star image. То avoid the inclusion of starlight, the annulus should Ье some­
what larger than the star aperture, and should extend far enough to provide а

statistically significant sample of sky pixel values.
ТЬе computation to determine the sky background level is the same опе we

used for the star image: determine which pixels lie outside the inner annulus radius
but inside the outer annulus radius, count and sum the pixels, and compute the ау­

erage pixel value of the sky. Since the annulus probably covers а sufficiently large
area to include faint background stars, it is necessary to eliminate these non-sky
contributions to the sky background.

А simple and computationally robust solution is to sort the pixels in the ап­

nulus into ascending order. Those that are part of another star image will Ье bright­
er than the average pixel value of the sky, so it is necessary to exclude some
percentage of the high-value pixels in the sky annulus. То avoid skewing the ау­

erage, it is also necessary to exclude the same percentage of the 10w-value pixels.
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ТЬе couected value for the sky brightness is the теап of the remaining pixel val­
ues. Experience shows that excluding the top and bottom 20% of pixels works
well for аН but the rnost crowded sky backgrounds.

In equation forrn, given nannulus image pixels, р(n) , lying greater than dis­
tanсе Rinner and less than Router frorn the centroid of the star image, and satisfying
the condition of lying between the 20% and 80% percentile in value, уои сап сот­

pute Cannulus, the total pixel value inside the annulus:

nannulus

Cannulus = L р(n) [ADU].

n=О

(Equ.10.5)

Total pixel value for both the aperture and the annulus are obtained exactly
the same way: Ьу cornputing the sum of аll pixels that rneet the geometric and/or
pixel уаlие criteria needed to qualify. Ву the way, for reasons steeped in the his­
tory of photornetry, уои will sometimes hear astronomers refer to the aperture and
annulus totals as "counts."

10.1.2.3 Raw Instrumental Magnitude

Mter the total pixel value of the star aperture and sky annulus have Ьееп counted,
-уои сап convert raw "counts" into magnitude. However, the resulting measure is
not а "real" magnitude unti1 it has Ьееп tied to standard stars in the sky. For this
reason, the magnitude that уои compute is called the raw instrumental magnitude.
It's raw because it has not Ьееп tied to the sky, and instrumental because it de­
pends оп the properties of your equipment; that is, it depends оп your CCD сат­

era, your filters, and your telescope.
In measuring а star image, уои have determined four parameters:

• Caperture, the surn of pixel values in the star aperture,
• naperture' the number of pixels in the star aperture,
• Cannulus, the sum of qualified pixels in the sky annulus, and
• nannulus' the number of pixels in the sky annulus.

In addition to the things уои have measured оп the image, уои also know the
integration time, t, used to make the image, to convert the measured accumulation
during integration into the rate at which photons amved.

Recall now that Ьу definition magnitudes compare stars with опе another
(see Equation 10.2), yet уои have only опе star! Since we're not tying it to real
stars, уои сап introduce а fictitious "star" called the instrumental zero point, or Z.
Begin Ьу rewriting Equation 10.2 to separate the instrument responses:

(Equ.10.6)

То use this fictitious second star, redefine the terms 2.510gC2 + т2 as Z.
Since the choice of Z is completely arbitrary, уои сап choose апу convenient value
forit. Photometrists usually choose а value that converts raw instrumental magni-
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tudes to magnitudes that sound reasonable for the star they are measuring.
уои сап convert the total counts star aperture and the sky background into а

raw instrumental magnitude, т, for the star, using:

(Equ.10.7)

What we' уе done here is to pro-rate the sky total seen in the annulus from
the number of pixels in the annulus to the number of pixels in the aperture, and
then we've subtracted the resulting sky total. The only assumption we've made is
that the sky around and behind the star has the same brightness as the sky that sur­
rounds the star in the annulus. Dividing Ьу the integration time means that without
changing your zero point уои will get the same raw instrumental magnitude for
images taken with different integration times.

Measuring magnitudes from CCD images is both quick and easy. ТЬе оЬ­

server, however, must remain alert to insure that numbers popping ир оп the сот­

puter screen are valid. Before measuring а star image, check the profile to Ье

certain that it is well within the star aperture. If there are stars in the aperture or in
the annulus, they сап add to the measured star brightness or to the sky background
reading.

Images used for photometry should Ье calibrated before they are measured,
but they must nо! Ье scaled because doing so сап change the relationship between
photon flux оп the detector and image pixel value, thereby destroying the linearity
of the data in the image.

• Tip: The Single Star Photometry Tool in A/P4Win computes raw
instrumental magnitude using the above formula. Уои need to
know the integration time for the image and supply а value for the
zero point. The tool jinds the star's centroid position, the total
(star - sky) count, the mеаn sky background level, and the raw
instrumental magnitude.

10.1.2.4 Statistical Uncertainty

The total of detected photons that accumulates to form а star image obeys Poisson
statistics. (То learn more about Poisson statistics, see Chapter 2.) This means that
if а star shines with а теап brightness of 10,000 detected photons per integration,
the actual number уои'll see in ап image will Ье 1О, 000 ± Jl О, 000 . Photometry,
therefore, always has а built-in uncertainty-but уои сап determine what the un­
certainty should Ье. Computing the statistical uncertainty "keeps уои honest"
when уои are doing photometry.

Two measures are commonly used to express this uncertainty: the signal-to­
noise ratio and standard deviation in magnitudes. Signal-to-noise ratio (SNR) is
simply the size of the star signal divided Ьу the amount of noise in the signal. An
SNR of 100 is considered good; it means that the signal is 100 times greater than
the noise. Ап uncertainty of 1 part in 100 in determining а magnitude сопеsропds
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to about 0.01 magnitude епоr. То attain а photometric accuracy of У100 of а mag­
nitude, уои need а signal-to-noise ratio of 100, ап easy rule to remember.

Now let's define аН of the signal and noise sources.
ТЬе signal comes from опе source only: detected photons (photoelectrons)

from the star that уои are measuring. The star-minus-sky term,

(Equ.10.8)

from Equation 10.7 gives the signal in ADU units. То convert ADUs to electrons
(detected photons), we must multiply the star-minus-sky count Ьу the conversion
factor, g, electrons per ADU.

Although there is only опе star signal source, there are multiple sources of
noise. ТЬе most obvious of these is the noise that is associated with Poisson sta­
tistics, Nstar = JS:::r. If уои measured а star against а completely black sky using
an ideal detector, the signal to noise ratio would Ье:

SNR = Sstar = Sstar = rsN rc;-- л./ k.J star .
star л./ Sstar

(Equ.10.9)

However, in real photometry we must also take the noise sources in the sky
and the detector into account:

• Csky , ADUs of sky background present in every pixel,
• Cdark , ADUs of dark сuпепt added to every pixel,
• crron ' readout noise in electrons r.m.s. added to every pixel,
• crquant' ADUs of quantization noise from the digitization of the

CCD's analog output. Use (Jquant = 0.29.

Because noise from each of these contributors is added to every pixel in the
star aperture, their individual total is multiplied Ьу the total number of pixels to
оЬШiп their communal total. The noise contribution from the star aperture is:

(Equ. 10.1 О)

Because Poisson and Gaussian noise sources add quadraticaHy, the readout
and quantization noise standard deviations are squared before summing.

In the determination of the sky background in Equation 10.8, the sky back­
.ground count, Сannulus , is normalized to the same number of pixels as the aperture
and subtracted from the aperture pixel value sum. The noise associated with the
sky background count is:

(Equ. 10.11)

ТЬе noise terms in this expression are identical to those in the aperture. Now
consider the case in which naperture = nannulus; it is clear that the sky contribution
to the total noise wiH double when this noise source is added to Equation 10.11.
However, if the number of pixels in the annulus is greater than the number of pix-
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els in the aperture, then gCsky will have а lower statistical uncertainty and Nsky

will Ье proportionately reduced. We сап, therefore, replace the term nареrtше in
Equation 10.1О with the following to account for this influence:

( 1 n aperture'
naperture + ) .

nannulus

(Equ. 10.12)

It is clearly desirable to have as тапу pixels as practical in the annulus. If
the number of annulus pixels equals that of the aperture, the ratio is 2.0; i.e., sky
noise doubles. However, Ьу using ап annulus with twice as тапу pixels as in the
aperture, the ratio falls to 1.5. Оп the other hand, as the number of annulus pixels
falls below those in the aperture, the determination of the sky value becomes in­
creasingly uncertain and the ratio rises dramatically.

• Tip: A/P4Win's default radii for aperture photoтetry are 6, 9, and 15
pixels for the aperture, inner annulus, and outer annulus, respec­
tively. The nuтber о! annulus pixels is four tiтes the number о!

aperture pixels, giving а ratio о! 1.25.

Combining the signal and noise terms yields the following for the signal-to­
noise ratio in aperture photometry of а star image:

SNR = Sstar

S ( 1 naperture' ( С С 2 2 2 )
star + naperture + ) g + g dark + (Jron + g (J'quant

nannulus sky

(Equ. 10.1Э)

using the value of Sstar computed in Equation 10.8.
It should соте as по surprise that computing the statistical uncertainty in ар­

erture photometry is more complicated than computing the raw instrumental mag­
nitude. The magnitude is simply the excess pixel value found in the aperture over
the expected sky value; whereas the noise in the signal involves factors closely as­
sociated with the CCD and its noise characteristics.

То convert SNR into magnitude error, use the following:

(J = 1.0857
m SNR

(Equ.10.14)

ТЬе factor 1.0857 converts the fractional uncertainty into magnitudes. This allows
уои to express the measurement of а star' s raw instrumental magnitude in the fonn
т ± (Jm , giving both the result and the uncertainty of that result.

10.2 Putting Photometry to Work

Broadly speaking, astronomers do two types of photometry: differential photom­
etry and all-sky photometry. Differentialphotoтetry is focused оп monitoring one
"target" to observe how it changes. ТЬе target тау Ье а variable star, ап asteroid,
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а star with exoplanet transits, or ап exotic target like а quasar or the nucleus of а
Seyfert galaxy. All-sky photometry is aimed at establishing accurate magnitudes
for ап object or objects relative to standard stars with well-established magni­
tudes, and generally requires careful observation and rigorous data reduction with
по shortcuts allowed.

Differential photometry is easy because the target and а comparison star are
usually in the same field of view, and are observed at the same time, through the
same atmosphere, with the same filters-and аll that matters is ап accurate сот­

parison between the target and the comparison. All-sky photometry is difficult Ье­
cause the target objects have Ьееп captured in different images from the standard
stars, Ьауе Ьееп observed at different times, through а different atmosphere, and
usually Ьауе Ьееп through multiple filters.

However, observers know that making CCD integrations at the telescope and
extracting magnitudes from the resulting images is just the beginning. Raw instru­
mental magnitudes are strongly affected Ьу three factors:

• Filter(s) used in making the image(s). Although some observ­
ing programs do not require filtered images, тапу do. А stan­
dard set of filters includes U, В, У, R, and 1, although just two
filters, V and R, are necessary to get started.

• Atmospheric extinction that dims stars. Although this dimming
is not particularly apparent to the еуе, for photometry it is sig­
nificant and must Ье corrected.

• А unique set of instrumental magnitudes defined Ьу the реси­

liarities of your particular set of filters, your CCD, your
observing site and your telescope. То combine your observa­
tions with those of others, your magnitudes must Ье trans­
formed to а standard photometric system.

ТЬе section following describes how astronomers measure and then сот­

pensate for these factors.

10.3 Photometric Systems

ТЬе reason that the magnitude scale is defined in terms of standard stars is that it
is extremely difficult to measure the absolute flux of light with апу precision, but

I it isfairly easy to compare the flux of опе source with that of another. Why should
this Ье so?

Тhe answer lies in another question: What do we теап Ьу "flux?" In theory,
ofcourse, we сап easily define it as the arrival of some number of photons per sec­
ond in some well-defined range of wavelengths-that is, in fact, the goal in теа­

suring flux. However, what comes out of the detector, whether that detector is а

photomultiplier tube or а CCD image, is ап instrumental response to the star-
light-a meter reading, а chart deflection, а count in electrons per second, а total
pixel уаlие-опе number. We have по idea how тапу photons at each wavelength
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