Lecture 07
Photometry

AST-B09 Observational Astronomy
Rogério Monteiro-Oliveira, Ph.D. (FZE£)

Goals of Lecture 07

This lecture provides a comprehensive theoretical and practical framework for as-
tronomical photometry. Following the chronological workflow of data reduction,
we progress from defining standard magnitude scales to extracting raw instrumen-
tal flux, mitigating atmospheric attenuation, and mapping these measurements to
intrinsic astrophysical properties. The primary objectives are to:

Establish the mathematical foundations of astronomical magnitude systems
and characterize standard filter passbands.

Extract robust instrumental signals from raw image data utilizing precise aper-
ture and background estimation techniques.

Correct observations for atmospheric interference and accurately calibrate raw
measurements to global photometric standards.

Leverage differential photometry to bypass absolute calibration requirements,
enabling high-precision time-series analysis.

Translate calibrated photometric data into fundamental physical parameters
of celestial objects.
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1 The Magnitude System

The quantitative foundation of observational astrophysics is formalized through the astro-
nomical magnitude system. The Greek astronomer Hipparchus of Nicaea categorized
stars into six classes. In his system, m = 1 represented the brightest stars and m = 6
the faintest visible to the naked eye. This established the foundational, albeit counter-
intuitive, rule of astronomy: the smaller (or more negative) the magnitude, the
brighter the object. Although the modern framework has been rigorously adapted into
an absolute mathematical formalism, this historical legacy irrevocably established the
scale’s inverse logarithmic nature. Consequently, the magnitude is defined as a monotoni-
cally decreasing function of the observed flux; a mathematically smaller or more negative
magnitude strictly corresponds to a higher measured spectral energy flux density.

1.1 Pogson’s Relation and Photometric Zero-Points

In 1856, N. R. Pogson formalized the ancient physiological magnitude system. Recognizing
that human sensory perception responds logarithmically to stimulus, Pogson noted that
Hipparchus’s difference of 5 magnitudes corresponded almost exactly to a factor of 100 in
measured physical flux (f;/fo = 100 = Am = 5).

Therefore, a difference of 1 magnitude equals a flux ratio of 100'/° ~ 2.512. He mathe-
matically anchored the scale as:

ﬁ — 100(m27m1)/5 — 100.4(m27m1)
2

Taking the base-ten logarithm of both sides yields Pogson’s Relation, the fundamental
equation of photometry:

2

Notice, however, that Pogson’s relation only provides a relative difference between two
objects. To report an absolute apparent magnitude m, we must define a universal reference
flux (fref) that is mathematically forced to have a magnitude of exactly zero (mys = 0).
An apparent magnitude is therefore the logarithmic ratio of an observed flux (f) to this

standardized zero-point:
o)
m = —2.5logyy | —
10 <fref

Because different sub-fields of astronomy operate in different wavelength regimes, three
dominant zero-point systems have emerged to define this reference flux, f.os. Fach was
born of a specific technological era and carries distinct physical advantages and mathe-
matical baggage:

1. The Vega System Historically, astronomy was an empirical science bounded by the
optical window. The zero-point was defined observationally by assigning the star Vega («
Lyrae, an AOV star) an apparent magnitude of exactly m = 0.0 across all filter bands.
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o Pros: Highly intuitive for optical observers. It creates a convenient baseline where
any star perfectly mimicking an AOV star has color indices of strictly zero (U—B = 0,
B —V =0). It is easily calibrated at the telescope by simply pointing at Vega or
its primary standard clones.

e Cons: Vega’s spectrum is a physical mess. It features deep hydrogen absorption
lines (the Balmer series), a near-infrared dust excess, and it is a rapid rotator viewed
pole-on. Because its spectrum is not flat, fitting a continuous multi-wavelength Spec-
tral Energy Distribution (SED) across Vega-calibrated magnitudes requires cumber-
some mathematical conversions.

2. The AB System To create a purely physical scale independent of stellar idiosyn-
crasies, J.B. Oke (1974) introduced the AB system. It analytically defines the reference
against a hypothetical source with a constant specific flux density per unit frequency (F),).
The zero-point is anchored universally at 3631 Jy:
2.51 Ly

map = —2.510 —

AB 510\ 3631 Jy
o Pros: Mathematically flawless for multi-wavelength astrophysics. Because it is flat
in frequency space (F,), astronomers can easily convert AB magnitudes directly

into physical energy units (Janskys or erg s~' em~2 Hz ') without needing a stellar
atmospheric model. It is the gold standard for radio, IR, and extragalactic surveys.

o Cons: A “flat” spectrum in F, drops off steeply in wavelength space (F) oc 1/\?).
Thus, an object with m4p = 0 in the UV looks drastically physically different than
one with msp = 0 in the IR, which can initially confuse students accustomed to
stellar baselines.

3. The STMAG System Used extensively by the Hubble Space Telescope (HST), this
system defines its reference as a theoretical source with a flat spectrum in wavelength

space (Fy), anchored at F{l = 3.63 x 1079 erg s™! cm ™2 AT

e Pros: Perfectly tailored for ultraviolet and optical spectroscopy, where instruments
naturally disperse light linearly in Angstroms (A) and fluxes are reported in F).

o Cons: Highly specialized. Tt is rarely used outside of space-based UV /optical mis-
sions, requiring conversion before comparing data with ground-based AB or Vega
catalogs.

1.2 The System Response Function and Photon Counting

Mathematical zero-points remain physical abstractions until paired with actual transmis-
sion filters. A photometric filter is an optical element engineered to isolate a specific,
bounded segment of the electromagnetic spectrum, restricting the incident radiation that
ultimately reaches the focal plane.

Mathematically, this behavior is rigorously defined by the System Response Function
(or Transmission Function), denoted as S(A). This dimensionless quantity (0 < S(A) < 1)
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captures the total end-to-end efficiency of the observation. It is not merely the transmis-
sion of the glass filter, F'(\), but rather the mathematical product of all wavelength-
dependent components in the optical path:

S<)\) = Tatm()‘) ' ROptics()\) : F()\) ’ QEdet()\) (1)

Here, T, represents the dynamic atmospheric transmissivity (including Rayleigh scatter-
ing and telluric absorption), Roptics is the combined reflectivity of the telescope’s mirrors
and lenses, and () Fge is the Quantum Efficiency of the CCD detector.

A critical nuance in modern photometry is that CCDs are photon-counting devices,
not purely energy-measuring devices like historical bolometers. The specific flux of a
star, fy, carries units of energy (e.g., erg s~' cm™? A_l). Because a blue photon carries
intrinsically more energy than a red photon (F = hc/)\), a specific amount of measured
energy in the blue corresponds to fewer actual photons than the exact same amount of
energy in the red. Therefore, to calculate the actual instrumental signal f (the number of
electrons generated in the CCD per unit time), we must divide the incident energy flux
by the energy of a single photon at that specific wavelength, introducing a \ weighting

factor:
o[ HN)
o he/A

SN AN /O T RSN dA 2)

To systematically classify and compare different filters, astronomers rely on two funda-
mental mathematical parameters (as illustrated in Figure 1).

The first is the Effective Wavelength (\.g), which acts as the flux-weighted “center of
mass” of the light reaching the detector. Accounting for the photon-counting bias, it is

defined as:
TN ANS(N) dX

T AAMN)S(Y) ax (3)

A profound consequence of this equation is that the stellar spectrum fy(\) itself appears
inside the integral. A physical glass filter does not behave identically for all stars; its
effective wavelength dynamically shifts depending on the intrinsic color of the object. As
illustrated in Figure 2, a blue star heavily weights the shorter wavelengths, shifting the
transmitted “center of mass” to the blue, while a cool, red star shifts A\ to the red.

)\eff

The second parameter is the Effective Bandwidth (or Equivalent Width, A)), which
quantifies the total spectral window integrated by the filter. It represents the width of a
perfect rectangular filter that would collect the exact same number of photons, defined as
the integral of the response function normalized by its peak transmission (Spax):

Joo S(N) dA

A=~ 4
AT (4)

1.3 Standard Filter Systems

Based primarily on the magnitude of A\, photometric systems are broadly categorized
into families. Figure 3 provides a visual comparison of the transmission profiles for the
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Figure 1: Mathematical characterization of a photometric filter. The shaded curve rep-
resents the total system response S(A). The effective wavelength (Aog) acts as the flux-
weighted center, while A\ represents the width of a perfect rectangular filter transmitting
at Smax that would collect the exact same number of total photons.
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Figure 2: The shifting effective wavelength. Because the V-band filter has a finite width,
the steep spectrum of a blue star heavily weights the blue edge of the transmission curve,
shifting Aeg to the left. A red star weights the red edge, shifting Aeg to the right. The
telescope is effectively measuring two different parts of the spectrum through the exact
same glass filter.
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three primary groups. Each family is deliberately engineered to optimize the trade-off
between maximizing photon throughput (for faint-object detection) and isolating precise
spectral features (for astrophysical characterization).

1. The Johnson-Cousins System (UBV RI) (Broadband, Vega Zero-Point) Intro-
duced in the 1950s, this system consists of Ultraviolet, Blue, Visual, Red, and Infrared
filters with very wide bandwidths (AX = 1000 A).

o Pros: The historical backbone of stellar astrophysics (top panel in Figure 3). The
V-band roughly mimics the physiological response of the human eye, and millions
of stars have been cataloged in this system, making historical data comparisons
effortless. The immense bandwidth allows vast numbers of photons to reach the
detector, minimizing exposure times.

o Cons: The broad filters severely smear out fine spectral details. Furthermore, the
U-band is notoriously difficult to calibrate because its short-wavelength cutoff is
defined not by the filter glass, but by the highly variable ozone transmission (T, )
of the Earth’s atmosphere on any given night. Because Vega has strong absorption
lines, an object with a perfectly flat physical spectrum will have non-zero colors in
this system, complicating physical interpretations.

2. The SDSS System (ugriz) (Broadband, AB Zero-Point) Designed for modern solid-
state CCDs, the Sloan Digital Sky Survey filters use sharp, non-overlapping transmission
profiles (middle panel in Figure 3).

o Pros: The gaps between the filters are deliberately placed to avoid the strongest
emission lines of the Earth’s night sky (like the OI airglow at 5577 A), drastically
reducing sky noise. It provides a highly efficient, clean measure of the continuum
spectrum for faint extragalactic sources, and magnitudes translate immediately into
physical energy units.

o Cons: Transformation equations are required to compare modern ugriz data with
archival UBV RI data, which inherently introduces systematic uncertainties.

3. The Stromgren System (uvbyf) (Intermediate-Band, Vega Zero-Point) Developed
by Bengt Stromgren, these filters are significantly narrower than broadband filters (A &
200 — 300 A) and, like the Johnson-Cousins system, rely on the Vega baseline for their
zero-point calibration. The system includes an ultraviolet (u), violet (v), blue (b), and
yellow (y) filter, alongside a dual-filter focused precisely on the Hydrogen-Beta (H /)
absorption line.

e Pros: An incredibly powerful tool for stellar astrophysics. Because the bands are
narrow, they cleanly isolate specific physical phenomena without requiring a full
spectrograph. The u — v color precisely measures the Balmer jump (yielding surface
gravity and luminosity class), the v — b color measures metallic absorption lines
(yielding metallicity, [F'e/H]), and the b—y color is largely insensitive to metallicity,
providing a pure continuum temperature proxy.

o Cons: The narrow A\ allows very few photons to survive the optical path and reach
the detector. This necessitates prohibitively long exposure times for faint objects,
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making the Stromgren system functionally useless for deep cosmological surveys. It
is strictly limited to relatively bright, local stellar populations.

1.4 The Faint-End Problem: Lupton (asinh) Magnitudes

Traditional photometry harbors a fatal mathematical flaw at the faint limit of modern
surveys. To measure the flux of a faint galaxy, we must subtract the bright background
glow of the sky. Because photon arrival is governed by Poisson statistics, this sky sub-
traction introduces noise. For extremely faint, barely detectable sources, the noise can
cause the measured background-subtracted flux (f) to be zero or even negative.

If f <0, Pogson’s logarithmic relation (m = —2.5log;,(f)) catastrophically fails: the
logarithm of a negative number is mathematically undefined. Historically, astronomers
discarded these negative fluxes, calling them “non-detections”. However, discarding data
biases the statistical distribution of surveys.

To solve this, Robert Lupton (1999) introduced the Inverse Hyperbolic Sine (asinh)
Magnitude. It replaces the standard base-ten logarithm with the asinh function:

1= —2.5log,,(e) [sinh_l (;;)) - ln(b)] (5)

where b is a “softening parameter” tied to the background noise level of the image.

The mathematical genius of this substitution is visualized in Figure 4. At high signal-to-
noise ratios (f > b), the asinh function asymptotically converges to a standard logarithm.
In this regime, the Lupton magnitude is mathematically indistinguishable from the clas-
sical Pogson magnitude. However, as the measured flux drops into the noise floor and
approaches zero, the asinh function gracefully transitions into a linear scale. This averts
the catastrophic divergence of the Pogson equation and yields a continuous, well-defined
number even for negative flux values.

By adopting the Lupton magnitude system, modern surveys handle the faint-end problem
with a clear set of advantages and compromises:

o Pros: It completely solves the “faint limit” statistical problem. Because negative
fluxes are successfully cataloged as real numbers, researchers can perform rigor-
ous ensemble statistics and stacking techniques on thousands of seemingly invisible
galaxies without throwing away vital data. It is the default reporting format for the

Sloan Digital Sky Survey (SDSS).

o Cons: It breaks the fundamental “magnitude difference = ratio of fluxes” intuition
at the faint end. Calculating a physical color index (u— g) using Lupton magnitudes
at the noise floor requires extreme care, as a difference in linear space does not
correspond to a flux ratio.
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Figure 3: Empirical normalized system response functions for five standard photometric
systems across the near-ultraviolet to near-infrared spectrum (3000-10000 A). From top
to bottom: the Johnson-Cousins (UBV RI), Washington (CMT\T,), SDSS (v'¢'r"i'2’),
Hipparcos-Tycho (Br, Vr, H,), and HST WFPC2 systems. Unlike idealized mathematical
models, these actual transmission curves illustrate the physical reality of filter design,
exhibiting complex, asymmetric profiles, overlapping tails, and structural irregularities
(such as those visible in the SDSS 4" and 2’ bands) dictated by the combination of filter
coatings, detector quantum efficiency, and atmospheric telluric features. Figure extracted
from [7].
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Figure 4: Pogson vs. Lupton Magnitudes. At high signal-to-noise (f > b), the Lupton
asinh magnitude behaves exactly like the classical Pogson logarithm. However, as the flux
drops into the noise floor and approaches zero or becomes negative, Pogson diverges to
infinity. The Lupton magnitude gracefully transitions to a linear scale, allowing negative
fluxes to be cataloged mathematically without crashing the database.

2 Extracting the Signal: The Instrumental Magni-
tude

The ultimate goal of astronomical photometry is to measure the total energy flux from a
celestial object. However, what we actually record on a digital detector (like a CCD) is a
two-dimensional array of pixel values, quantified in Analog-to-Digital Units (ADUs).

Before we can place a star on a standard color-magnitude diagram, we must measure
the raw number of photo-electrons it deposited. The instrumental magnitude, M, is
defined purely by the flux measured within the detector array:

Npi
Minst = —2.510g1, (t bj) +C (6)

erp

where N is the total number of electrons attributed strictly to the astronomical source,
tesp 1S the exposure time, and C' is an arbitrary zero-point constant (often set to 25.0
to ensure instrumental magnitudes remain positive). Note that N,,; must be in physical
electrons (e™), requiring us to multiply the measured ADUs by the system Gain (g).

The fundamental challenge of observational photometry lies entirely in accurately isolating
Ngy; from a noisy, complex background. Before we can extract this signal, we must
understand its physical shape on the detector.

2.1 The Anatomy of a Star: The Point Spread Function

Because stars are at effectively infinite distances, they arrive at the top of the Earth’s
atmosphere as perfect, one-dimensional geometric planes of light. However, a telescope
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does not record a perfect, single-pixel point. The starlight is inevitably smeared into a
two-dimensional blurred profile known as the Point Spread Function (PSF).

This spreading is caused by a convolution of three physical phenomena:

1. Atmospheric Seeing: Turbulent pockets of hot and cold air act as continuously
moving lenses, scrambling the path of the photons.

2. Diffraction: The fundamental wave nature of light passing through the circular
aperture of the telescope creates an interference pattern (the Airy disk).

3. Instrumental Imperfections: Microscopic flaws in the mirror figure, slight focus
aberrations, and tracking vibrations further spread the light.

Consequently, the physical flux of a star is distributed into a distinct profile featuring a
bright, concentrated core and faint, extended wings. Astronomers quantify the width of
this profile using the Full Width at Half Maximum (FWHM) of the seeing disk.

The anatomy of this distribution is visualized from two perspectives in Figure 5. Figure
5(a) illustrates the mathematical 1D cross-section, explicitly defining the core and the
wings, while Figure 5(b) simulates the 2D footprint of this profile on a noisy CCD detector.
To measure N;;, we must capture the light distributed across this entire PSEF. We achieve
this through two primary methods: Aperture Photometry (for isolated stars) and PSF
Photometry (for crowded fields).

Extended PSF

Wings
Core o K\

FW

Normalized Intensity

Radial Distance, r [arcsec]

(a) A mathematical cross-section (1D profile)  (b) A simulated 2D view of a star on a noisy
of the starlight distribution on the detector. = CCD detector. Starlight spreads across mul-

The core holds the majority of the photons,  tiple pixels. The concentric circles show how
while the wings contain faint, extended sig-  Aperture Photometry geometry (source aper-
nal. FWHM quantifies the width of the cen-  ture in blue, buffer in dashed gray) interacts
tral core. with the actual PSF profile.

Figure 5: Illustrations of the Point Spread Function (PSF). This 2D bell-curve distribution
defines what a “star” looks like to the telescope’s digital detector. Panel (a) breaks down
the physical component nomenclature, while Panel (b) shows the actual messy data that
photometry must measure.
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2.2 Aperture Photometry: The Mathematics of Signal Isolation

Aperture photometry is the most robust, model-independent technique for isolated sources.
The concept is geometrically simple (as illustrated in Figure 6): define a circular aperture
of radius rg, centered on the star’s centroid, and sum the pixel intensities within it.

However, the flux within this aperture, F,,, is contaminated. It contains the star’s flux, the
celestial background (sky glow, zodiacal light, unresolved distant galaxies), the thermal
dark current of the CCD, and an electronic bias offset (if not properly removed). Assuming
standard calibration (bias and dark subtraction) has been performed, the true source flux
is:

Nopj = Z I(i, ) — MpizSshy (7)

1,J€Tap

where (i,7) is the intensity of the i, j-th pixel in electrons, ny;, is the total number
of pixels contained within the aperture area (wrgp), and Sg, is the estimated local sky
background per pixel.

2.2.1 Rigorous Estimation of the Sky Background

The local sky background Ss;, cannot be measured inside the star’s aperture. Instead,
we define an annulus (a ring) surrounding the source, bounded by radii r;, and ry, (see
Figure 6). This annulus is separated from the inner aperture by a buffer zone (to prevent
contamination from the extreme wings of the star’s seeing profile).

A naive approach would be to simply calculate the arithmetic mean of the pixels within the
sky annulus. However, astronomical images are populated with cosmic rays, bad pixels,
and faint, unresolved background stars. These positive signal spikes heavily skew the
probability distribution of sky pixel values, creating a “tail” at high intensities. Because
the mean is highly sensitive to outliers, using it will systematically overestimate the sky
background, which in turn will systematically underestimate the brightness of our target
star.

To overcome this, we use robust estimators. The median is much less sensitive to outliers.
Even better is the mode (the most frequently occurring value), which represents the
true “uncontaminated” sky level. Because calculating the true mode of continuous data
is computationally expensive, we use the classic empirical approximation for a skewed
Gaussian distribution:

Ssky ~ 3 x Median — 2 x Mean (8)

(Modern software like Source Extractor or DAOPHOT uses iterative sigma-clipping algo-
rithms to reject outliers before calculating this value).

2.3 Point Spread Function (PSF) Photometry

As illustrated in Figure 7(a), aperture photometry fails catastrophically in crowded fields,
such as the core of a globular cluster or a dense star field in the Galactic Bulge. When the
seeing disks of adjacent stars overlap, their flux cannot be isolated by a simple geometric
circle. In these regimes, we must use PSF photometry.
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Figure 6: Schematic of aperture photometry on a CCD pixel grid. A circular aperture of
radius r,, isolates the target star’s flux. An outer annulus (between 7, and r,,:) is used to
estimate the local sky background per pixel (Sg,). A buffer zone intentionally separates
the two to prevent the extended wings of the star’s Point Spread Function (PSF) from
contaminating the sky measurement. Positive signal spikes (like cosmic rays and faint
background stars) within the annulus necessitate the use of robust statistical estimators
(such as the median or approximated mode) rather than the simple arithmetic mean.
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PSF photometry models the exact two-dimensional intensity profile of the stars on the
detector. By assuming that all stars in a small, localized region of the CCD share the
same shape (the PSF), we can mathematically deblend overlapping sources.

While the theoretical diffraction limit of a circular telescope aperture yields an Airy disk,
atmospheric turbulence (seeing) blurs this into a broader profile. As demonstrated in
Figure 7(b), ground-based PSFs are rarely perfect Gaussians; they possess a distinct core
and extended, prominent wings that a Gaussian profile fails to capture. The most common
analytical model used is the Moffat Function:

() = Io l1 4 (2) 1_6 (9)

where:

o [y is the central peak intensity.

o = T — x.)° + (y — y.)° 1s the radial distance from the centroid (x., y.).
V(@ = ) + (y — y)? is the radial distance from th id (e, ye)

« « is a scale parameter related to the Full Width at Half Maximum (FWHM). For a
Moffat profile, FWHM = 2av/21/8 — 1.

o [3 determines the shape of the extended wings. As § — oo, the Moffat function ap-
proaches a pure Gaussian. For typical atmospheric seeing, 5 usually ranges between
2.5 and 4.76.

- - - Gaussian Model
Moffat (8 = 2.5)

---  Target Star

- -- Contaminant
=— Observed Blend

Mafched FWYIM

Extended
Wings

Intensity
Normalized Intensity

Position [pixels] Radial Distance, r [arcsec]

(a) Crowded field blending. The total ob-  (b) Comparison of analytical models. While
served intensity (black line) merges adjacent  a Gaussian rapidly drops to zero, the Mof-
stars. A standard circular aperture (orange  fat function more accurately reproduces the
region) inevitably captures contaminating flux ~ extended, prominent wings typical of atmo-
from the neighboring star. spheric seeing.

Figure 7: The principles of Point Spread Function (PSF) Photometry. Panel (a) illustrates
the failure of simple geometric apertures in crowded fields due to overlapping seeing disks.
Panel (b) compares the theoretical Gaussian profile with the empirically robust Moffat
function used by fitting algorithms (like DAOPHOT) to correctly model extended stellar
wings.

The DAOPHOT Algorithm: Pioneered by Peter Stetson, modern PSF photometry
follows a rigorous iterative process:
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Identify several bright, isolated, unsaturated stars in the image.
Perform aperture photometry on them to establish a baseline flux.

Fit an analytical function (like the Moffat) to these stars.

= W

Extract the residuals (the true pixel data minus the analytical model) to create
an empirical look-up table. The total PSF model is: PSFisa = PSFuyoffar +
Residuals.

5. Apply this master PSF to the crowded field, using least-squares fitting to simul-
taneously scale the amplitude (Ip) and position (z.,y.) of dozens of overlapping
stars.

6. Subtract the fitted stars from the image, revealing fainter stars hidden in their glare,
and iterate.

3 Atmospheric Extinction

The instrumental magnitude m;,s; we have meticulously extracted is still fundamentally
flawed: it represents the light that reached the detector, not the light emitted by the star.
As electromagnetic radiation penetrates the Earth’s atmosphere, photons are scattered
out of the line of sight or absorbed entirely.

As we discussed extensively in Lecture 03 (Information Carriers and the Earth’s
Atmosphere), the attenuation of light is driven by three distinct physical processes:
Rayleigh Scattering (ox A%, affecting blue/UV light), Mie Scattering (aerosol scat-
tering dependent on local weather), and Molecular Absorption (opaque bands created
by O3, H,O, and CO,). We will not re-derive the physical cross-sections of these mecha-
nisms here. For the purposes of observational photometry, we simply treat their combined
effect as an empirical reduction in our measured flux that must be calibrated out.

Recall from Lecture 03 that the total extinction a star suffers depends directly on the
optical depth (7) of the atmosphere along the line of sight. We quantify this path length
using the dimensionless concept of Air Mass (X ), where X = 1 is defined as the thickness
of the atmosphere directly overhead at the zenith.

Calculating X falls into two distinct mathematical regimes, visualized in Figure 8:

1. The Plane-Parallel Regime (z < 60°): For objects relatively high in the sky, we can
treat the atmosphere as a flat, plane-parallel slab. The Air Mass is a simple trigonometric

function of the zenith angle z:
1

COs z

X =secz = (10)
2. The Curved Atmosphere Regime (z > 60°): As shown in Figure 8, the secz
approximation diverges rapidly toward infinity at the horizon (z — 90°). In reality, the
curvature of the Earth and atmospheric refraction cap the maximum Air Mass at the
horizon to roughly X =~ 38. To observe objects low on the horizon, we must abandon the
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plane-parallel model and use polynomial expansions, such as Hardie’s formula:

X =secz — 0.0018167(sec z — 1) — 0.002875(sec z — 1)* — 0.0008083(sec z — 1)*  (11)

35 4 :
==~ Plane-Parallel (X = secz) Curvature Correction:
30 1 Hardie’s Formula (Curved Earth) : Required |
25 | : Hardie’s mitigat
Q 1 the infinite diverg
N 1 of secz
5 20 : :
< : ’,
=L :
= I
= |
10 1 1
5| e
X =1 (Zenith) :
0 : : : ‘ ‘ !
0 10 20 30 40 50

Zenith Angle, z [degrees]

Figure 8 A comparison of Air Mass (X) models as a function of zenith angle. Up
to z &~ 60°, the simple plane-parallel approximation (X = secz) perfectly matches the
real atmosphere. However, as we look closer to the horizon, the simple secant diverges
toward infinity. Hardie’s polynomial accurately models the physical curvature of the
Earth, diverging significantly from sec z at extreme angles.

3.1 Bouguer’s Law and Extinction Coefficients

If we consider a monochromatic beam of intensity I, passing through a medium of dif-
ferential thickness dx with an opacity s, the change in intensity is given by dI = —Ikdzx.
Integrating this along the path length through the atmosphere yields the classic exponen-
tial decay equation of radiative transfer:

I(X) = Lyoe ™% (12)

where [ o is the true extra-atmospheric flux, 7, is the optical depth at zenith, and X is
the air mass.

Because astronomy operates on a logarithmic magnitude scale, we take the base-10 loga-
rithm of both sides and multiply by —2.5. This transforms the exponential decay into a
simple linear relationship known as Bouguer’s Law:

m,\(X) :mo,)\—i-k)\X (13)

Here, my(X) is our observed instrumental magnitude, my  is the true extra-atmospheric
magnitude (what a space telescope would measure), and ky = 1.0867, is the Principal
Extinction Coefficient.
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As illustrated in Figure 9, astronomers exploit this linear relationship by observing a star
multiple times at different air masses as it rises or sets. By plotting m,(X) against X,
the extinction coefficient k£, becomes the slope of the line, and the extra-atmospheric
magnitude myg y is simply the y-intercept (extrapolated to X = 0).

The coefficient k) is expressed in units of magnitudes per air mass. Because Rayleigh
scattering heavily dominates at shorter wavelengths, k) is fiercely wavelength-dependent.
At a pristine high-altitude observatory like Mauna Kea or Paranal, typical values are:
ky =~ 0.60 (Ultraviolet), kg ~ 0.25 (Blue), ky ~ 0.15 (Visual/Green), and k; ~ 0.05
(Infrared).
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Figure 9: A Langley Plot illustrating Bouguer’s Law. Because the telescope is on Earth,
we can never observe at an air mass less than X = 1. However, by tracking a star as its
air mass changes, we can fit a straight line to the instrumental magnitudes. The slope of
this line reveals the extinction coefficient (ky), and extrapolating the fit to X = 0 (zero
atmosphere) yields the true extra-atmospheric magnitude (mg). Note that the y-axis is
inverted, as is standard in astronomy.

3.2 Broadband Photometry and the Forbes Effect

Bouguer’s Law assumes strictly monochromatic light. However, real astronomical filters
(like the Johnson B or V' bands) are extremely broad, transmitting light over hundreds
of Angstroms.

Because k), changes drastically across the width of a single filter, the blue edge of a
broadband filter experiences much higher extinction than its red edge. As the starlight
travels through an increasing air mass, the blue photons are stripped away far faster than
the red photons. Consequently, the effective wavelength of the broadband filter physically
shifts towards the red as the star sets.

This phenomenon, known as the Forbes Effect, is visually synthesized in Figure 10.
It dictates that the extinction coefficient for a broadband filter is not a constant; it
depends on the intrinsic color (temperature) of the star itself! A hot, blue O-type star

AST-B09 | Course Notes | LO7 | Rogério Monteiro-Oliveira, Ph.D. 17



s MINISTERIO DA
Observatorio CIENCIA, TECNOLOGIA

Nacional E INOVAGAO

will suffer slightly different extinction in the V' band than a cool, red M-type star, even
when observed at the exact same air mass. To correct for this mathematically, we must
apply second-order color terms during our absolute photometric calibration.

<—> AXcys shift (Forbes Effect)

Atmospheric
Transmission (77)

Hot Star at Zenith (X = 1)
Hot Star at Horizon (X = 3)

Normalized Transmission / Signal

Aﬁff,3

Aeffi

400 450 500 550 600
Wavelength, A [nm]

Figure 10: Visualizing the Forbes Effect. Because atmospheric transmission (7', green
curve) increases toward the red, it preferentially strips blue photons from a hot star’s
spectrum as it travels through more air mass. As the star moves from X = 1 (zenith,
blue profile) to X = 3 (horizon, red profile), the integrated number of blue photons is
reduced faster than red photons. This forces the effective wavelength (A.ss) to physically
shift towards the red (A\.ss), meaning the broadband extinction coefficient (kp) is not a
constant.

4 Absolute Calibration to Standard Systems

Having established the physical mechanisms of atmospheric extinction and effective wave-
length shifts, we must now address instrumental dependencies. The initial photometric
measurements obtained are strictly instrumental; they are inherently tied to the specific
characteristics of the observing apparatus, including the telescope’s optical assembly, the
quantum efficiency of the CCD detector, and the exact transmission profiles of the physical
filters. To ensure scientific reproducibility and allow for direct comparison with existing
literature, these raw data must be systematically transformed into a universally recognized
standard framework, such as the Johnson-Cousins U BV RI photometric system.

4.1 Qualities of a Photometric Observation

High-precision absolute photometry requires strict environmental and methodological con-
trols. The fundamental requirement is a Photometric Night. This is defined as a night
with absolute atmospheric stability: devoid of cirrus clouds, possessing a constant aerosol
profile, and exhibiting steady atmospheric transparency from horizon to horizon. If the
transparency varies temporally or spatially, absolute calibration is physically impossible.
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To secure this calibration, the observer must dedicate a significant portion of telescope
time to observing standard stars. These are stars whose absolute fluxes and colors
have been precisely measured and cataloged by previous generations of astronomers. The
most commonly used photometric catalogs are those established by Landolt, Graham,
and Menzies.

A rigorous observational strategy demands:
1. Observing a minimum of 15 to 20 standard stars throughout the entire night.

2. Observing standard stars across a wide range of X to properly map atmospheric
extinction.

3. Ensuring the selected standard stars possess a distribution of magnitudes and colors
(e.g., extremely blue to extremely red) that are analogous to the science targets.
Extrapolating a color transformation outside the defined bounds of the standard
stars introduces severe mathematical errors.

4.2 The Full Transformation Equation

Because our physical filters and detector response curves will never perfectly match the
original systems, we must apply a multi-parameter transformation equation. By observing
the standard stars as described above, we set up a matrix of linear equations to solve for
the nightly coefficients.

Instead of correcting for extinction and instrumental mismatch in separate mathematical
steps, modern absolute photometry combines them into a single, comprehensive regres-
sion. For the V' band, the full transformation equation takes the form:

Vitd = Vingt + a0 + a1(B = V) + ax X + a3 X (B = V) + a,UT (14)

Let us rigorously define each physical parameter in this equation:

e ag (Zero Point): The instrumental sensitivity constant. It accounts for the abso-
lute throughput of the telescope, mirror size, and detector quantum efficiency.

e a; (Color Term): This measures how closely our instrumental system approxi-
mates the standard system. If our physical V filter is slightly “redder” than the
standard V filter, very red stars will appear artificially bright to us. The a; term
mathematically scales the correction based on the star’s intrinsic color index (B—V/).

o a, (First-Order Extinction Coefficient): Known classically as Bouguer’s coef-
ficient (k’). It accounts for the baseline atmospheric extinction (Rayleigh and Mie
scattering) in magnitudes per airmass. This value varies strongly from night to
night and site to site.

» a3 (Second-Order Extinction Coefficient): This directly corrects for the Forbes
Effect. Because the star’s color shifts the effective wavelength, this term measures
the variation of atmospheric extinction within the filter band itself.

AST-B09 | Course Notes | LO7 | Rogério Monteiro-Oliveira, Ph.D. 19



s MINISTERIO DA
Observatorio CIENCIA, TECNOLOGIA

Nacional E INOVAGAO

o a4UT (Time Drift): A diagnostic term mapped against Universal Time (UT). In
a perfectly stable, true photometric night, this term should be strictly zero (a4 = 0).
However, if the atmosphere slowly degrades (e.g., accumulating moisture or dust)
or the detector cooling fluctuates as the night progresses, examining the residuals
of this term acts as a vital quality-control check.

Using least-squares regression, these coefficients are solved for the night and subsequently
applied to the v;, of the science targets to yield Vg.

5 Differential Photometry: High-Precision Time Se-
ries

Absolute photometry is notoriously difficult and heavily reliant on pristine weather. How-
ever, many branches of astrophysics, such as asteroseismology, variable star monitoring,
and exoplanet transit detection, do not require absolute magnitudes. We only care about
the relative change in a star’s brightness over time. For this, we use differential photom-
etry.

The fundamental principle behind differential photometry is that atmospheric and com-
mon instrumental noise sources affect neighboring stars almost identically. This concept,
crucial for analyzing high-precision time series, is visually demonstrated in Figure 11. If
our target star (7') and a stable “comparison” star (C') of similar color are located within
the exact same CCD field of view, they are observed simultaneously. They undergo the
exact same exposure time, the exact same instrumental zero-point drift, and critically,
the light from both stars passes through the exact same patch of the Earth’s atmosphere,
suffering identical extinction (a2 X, defined previously in Eq. 14).

If we simply subtract the instrumental magnitude of the comparison star from the target
star, we obtain the differential magnitude Am:

F
Am = Mt inst — MCinst = —2.5 10g10 <T> (15)

Fe
Because we are taking the logarithmic difference (which is the ratio of the physical fluxes),
the atmospheric extinction and the instrumental zero-points mathematically cancel out
entirely! If a thin cirrus cloud passes over the telescope, the flux of both stars drops by
the exact same percentage, but their ratio remains perfectly constant (as shown in the
transition from Panel A to Panel B of Figure 11).

This principle of error cancellation allows differential photometry to be performed even
on “non-photometric” nights, bypassing the rigorous demands of absolute calibration.

Differential photometry revolutionized the search for exoplanets. When an exoplanet
passes directly between its host star and the observer, it blocks a tiny fraction of the
starlight. Differential photometry allows ground-based telescopes to achieve sub-millimagnitude
precision, transforming uninterpretable raw data (Figure 11A) into clear detection (Figure
11B).
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Figure 11: Visualizing the principle of differential photometry. Panel A (Raw Instru-
mental Magnitudes): Both the target star (blue) and comparison star (gray) suffer
identical bulk atmospheric variations and a severe cloud passing event, which completely
hides the 1.5% exoplanet transit. The magnitudes follow the relationship defined in previ-
ous lectures (Eq. 14). Panel B (Differential Magnitude): By applying Eq. 15 (simply
subtracting gray from blue), all common noise source cancel. This yields a remarkably flat
baseline (dashed blue) with sub-millimagnitude precision, clearly revealing the exoplanet
transit even in the presence of clouds. Note the drastic change in the vertical axis scale.
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The fractional drop in flux () during the transit is directly proportional to the ratio of
the cross-sectional areas of the planet (R,) and the star (R.,):

2

For a hot Jupiter transiting a Sun-like star, this dip is roughly 1% (0.01 magnitudes). For
an Earth-like planet transiting a Sun-like star, the dip is a microscopic 0.0084%.

While differential photometry cancels out clouds and bulk extinction, the ultimate limit for
ground-based observation is scintillation (rapid variations in the atmospheric refractive
index, causing stars to “twinkle”). This high-frequency noise cannot be canceled out
because the turbulent atmospheric cells are smaller than the distance between the target
and comparison star lines-of-sight. This is why missions like Kepler and TESS must be
launched into space to find Earth-sized worlds.

6 Astrophysical Interpretation

6.1 Absolute Magnitude, Distance Modulus, and Extinction

Apparent magnitude m tells us only how bright a star appears from Earth, conflating
its intrinsic luminosity with its distance from the observer. To establish a physically
meaningful scale that allows us to compare the true energetic outputs of diverse stars, we
define the absolute magnitude, M.

By definition, M is the apparent magnitude a source would have if it were placed at a
standard distance of exactly 10 parsecs (pc) in a perfect vacuum. Because flux follows the
inverse-square law (F oc 1/d?), the ratio of the observed flux to the flux at 10 pc scales
with the square of the distance. Plugging this into Pogson’s relation yields:

Flarge 10 pc)?
DC

This difference, m — M, is known as the Distance Modulus ().

However, the universe is not a perfect vacuum. The space between stars is permeated
by the Interstellar Medium (ISM), a tenuous mixture of gas and microscopic dust grains.
As starlight traverses this medium, dust grains absorb and scatter photons out of the
observer’s line of sight. This physical attenuation reduces the observed flux exponentially
according to the medium’s optical depth, 7y, such that F,,, = Fj,e™™.

Translated into the logarithmic magnitude scale, this flux loss becomes an additive term
called Interstellar Extinction, A, ~ 1.0867,. The rigorous, real-world formulation of
the Distance Modulus must therefore include this term:

= my — My = 5log,o(d) — 5+ Ay (18)

Crucially, because the typical size of interstellar dust grains is comparable to the wave-
lengths of optical light, this scattering is highly wavelength-dependent (scaling roughly
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as A7! for Mie scattering). Blue light is scattered out of the line of sight much more
efficiently than red light. The observed spectrum is not just dimmer, but its shape is
fundamentally altered, making the star appear artificially cooler and redder than it truly
is.

To quantify this “reddening”, we define the Color Excess, E(B — V'), as the straightfor-
ward difference between the observed, dust-affected color index of the star and its true,
intrinsic color index:

E(B - V) = (B - V)obs - (B - V)intrinsic (19)

Empirically, the total visual extinction Ay is directly proportional to this color excess
via the relation Ay = Ry x E(B — V). The proportionality constant Ry, known as the
total-to-selective extinction ratio, characterizes the average size distribution of the dust
grains; in the diffuse interstellar medium of the Milky Way, Ry ~ 3.1.

6.2 Color Indices: Probing the Spectral Energy Distribution

Measuring a star’s magnitude in a single filter provides a measure of its flux in a specific
wavelength range, but it tells us virtually nothing about the star’s intrinsic physical
properties. A hot, distant star and a cool, nearby star might both have an apparent
magnitude of V' = 10. To break this degeneracy and probe the star’s actual Spectral
Energy Distribution (SED) (see Figure 12), we must measure its light through at least
two different filters and compare them.

This comparison is formalized as the Color Index, defined simply as the mathematical
difference between two apparent magnitudes measured in different bandpasses (e.g., B
and V). Recalling Pogson’s relation, the difference of two logarithms is the logarithm of
their ratio:

S HA)Rp(A) dX
J AN Ry (A) dA

where Cyp is the zero-point calibration constant between the two filters.

B -V =mp—my = —2.5logy, < ) +Cyzp (20)

The most powerful property of the color index becomes apparent when we substitute the
full distance modulus equation (m = M + 5log;y(d) — 5 + A) into the definition:

B—V = (Mg +5logy(d) — 5+ Ap) — (My + 5log(d) — 5+ Ay)
B—V =(Mg— M)+ (Ag — Ay)

Notice that the distance term (5log,(d) — 5) perfectly cancels out. Because distance
diminishes the flux equally across all wavelengths via the inverse-square law, the ratio
of the fluxes remains completely unchanged. Therefore, a color index is a distance-
independent observable. If we can properly correct for the interstellar reddening
E(B —V), the color index we measure on Earth is exactly the intrinsic color index of the
star, providing a direct window into its photosphere.
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Figure 12: Spectral Energy Distributions (SEDs) for a hot star and a cool star. The
transmission profiles of standard B and V' photometric filters have been overlaid, nestled
safely within the Earth’s atmospheric optical window (dashed line). Colors are distinct:
Star SEDs are deep blue/red; filters are hatched cyan/magenta; and derived slopes are
dashed violet /orange. The color index physically measures the gradient of the spectrum

between these two bands.

AST-B09 | Course Notes | L07 | Rogério Monteiro-Oliveira, Ph.D.

24



s MINISTERIO DA
Observatorio CIENCIA, TECNOLOGIA

Nacional E INOVAGAO

Because the color index essentially isolates the gradient (or slope) of the continuum spec-
trum, it serves as a powerful proxy for the star’s thermal profile. Assuming a star radiates
roughly as a Planck blackbody, Wien’s Displacement Law (A4, o< 1/T) dictates that hot-
ter stars will peak at shorter wavelengths.

For hot stars (7" 2 10,000 K), the blackbody curve slopes steeply downward in the optical
regime (Figure 12, deep blue curve). The B-band filter captures more flux than the V-
band filter. Because a larger flux means a smaller magnitude, mp < my, resulting in
a negative color index. Conversely, for cool stars (T < 4,000 K), the curve slopes
upward in the optical (Figure 12, deep red curve), capturing more flux in the V-band and
resulting in a positive color index.

By convention, a color index is always defined as (Shorter Wavelength) - (Longer
Wavelength), meaning bluer objects always have smaller (or negative) color indices,
while redder objects have larger (positive) indices.

However, “temperature” in astrophysics is a highly degenerate term. When interpreting
color indices, one must be careful to define exactly which thermodynamic property is
being measured. Color Temperature (7.) refers to the temperature of an idealized
Planck blackbody that mathematically best fits the observed slope (the Color Index).
This is often distinct from the Effective Temperature (7.;s), which is the tempera-
ture of a blackbody emitting the exact same total integrated luminosity as the star, and
the Brightness Temperature (7,), which matches the absolute flux at one specific
wavelength.

6.3 The K-Correction for Extragalactic Sources

When observing extragalactic sources such as distant quasars or supernovae, the expansion
of the universe stretches the emitted photons, shifting the entire spectrum to longer
wavelengths. Because our telescope’s transmission function R(\) is physically bolted to
our instrument on Earth, our fixed filter is now sampling a completely different portion
of the object’s rest-frame spectrum compared to an identical source located locally.

If we simply apply the standard distance modulus to a galaxy at redshift z, we are
committing a fundamental error: we are comparing its emitted ultraviolet flux (which
redshifted into our optical filter) to the optical flux of our local reference standards. To
mathematically correct for this, we apply the K-correction (denoted K).

The necessity of this correction is clearly visualized in Figure 13. Consider a typical
galaxy exhibiting a sharp drop in flux at 4000 A (the Balmer break). For a local galaxy
at z = 0, the Earth-bound V-band filter samples the bright optical continuum longward
of this break. However, if that identical galaxy is located at z = 0.75, the entire spectrum
shifts to the red. As the figure demonstrates, our fixed filter is left behind, now capturing
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the much dimmer ultraviolet continuum shortward of the break. The galaxy will appear
artificially faint simply because its brightest features moved out of our physical viewing
window.

The K-correction acts as an algebraic patch to translate this observed-frame magnitude
back into the rest-frame magnitude. It rigorously accounts for two distinct relativistic
effects: first, the physical shift of the spectral features (such as the 4000 A break) through
the bandpass; and second, the fact that a fixed filter bandwidth A\ observed on Earth
corresponds to a narrower bandwidth AX/(14 z) in the rest frame of the emitting galaxy.

Incorporating this correction, the distance modulus for a cosmological source observed in
filter band R expands to:

mR—MR:5log10(DL)—5+AR+KR (21)

where Dy, is the cosmological luminosity distance. Without the K-correction, attempting
to plot a Hubble diagram or measure the expansion rate of the universe using high-redshift
standard candles would yield wildly inaccurate results.
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Figure 13: The origin of the K-correction. A physical V-band filter is bolted to the Earth
(green shaded region). For a local galaxy (z = 0), the filter samples the bright optical
continuum after the 4000 A break. For the identical galaxy at z = 0.75, the spectrum
shifts right. The exact same filter is now sampling the dim UV continuum. The K-
correction mathematically fixes this discrepancy.

6.4 Bolometric Magnitude and Total Luminosity

Because astronomical detectors are restricted to finite, narrow bandpasses, apparent and
absolute magnitudes represent only a fraction of a source’s true energetic output. To
encapsulate the total integrated energy output of a star across all wavelengths (from
X-rays to radio), we define the bolometric magnitude (mp, or My,).
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The absolute bolometric magnitude is directly tied to the star’s physical Luminosity (L).
By International Astronomical Union (IAU) convention, the scale is strictly anchored to
the Solar Luminosity (L = 3.828 x 10?3 erg s7!), such that the Sun’s absolute bolometric
magnitude is exactly My, o = +4.74. The luminosity of any star can therefore be instantly
derived from its bolometric magnitude:

i —_ 1070.4(Mbolf4.74) (22)
Lo

Since we cannot practically build a single telescope detector capable of observing all
wavelengths simultaneously, we cannot measure M, directly. Instead, we measure the
magnitude in a specific optical band (usually the V-band) and mathematically extrapolate
the unseen energy using a Bolometric Correction (BC):

BC = My — My = myq — my (23)

Because the bolometric magnitude includes all energy emitted by the star, it must repre-
sent a larger flux (and thus a more negative magnitude) than the V-band alone. Conse-
quently, the Bolometric Correction is almost always a negative number (or zero for a star
whose spectrum perfectly peaks in the V-band).

The severity of the BC is dictated by the star’s Effective Temperature. Extremely hot
O-type stars emit the vast majority of their energy in the invisible Ultraviolet, leaving
only a tiny fraction to be measured in the optical V-band; they require a large, negative
bolometric correction. Similarly, cool M-type stars emit the bulk of their energy in the
Infrared, also necessitating large, negative BC values to account for the unseen flux.
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These course notes were refined with the assistance of Gemini 3.1 Pro. Unless otherwise
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