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Goals of Lecture 08

This comprehensive session establishes the theoretical framework and practical in-
strumentation of astronomical spectroscopy. Moving from the quantum mechanical
origins of spectral lines to the complex opto-mechanical design of modern spectro-
graphs, its primary objectives are to:

• Derive the physical mechanisms of spectral line formation, delving into quan-
tum transition probabilities and the mathematical formalisms of line broad-
ening.

• Define the empirical parameterization of observed spectral lines.
• Establish the fundamental physical optics governing dispersive elements.
• Analyze the complete opto-mechanical anatomy of slit spectrographs.
• Explore spatial-spectral multiplexing via Multi-Object Spectroscopy (MOS)

and Integral Field Units (IFUs).
• Outline the standard algorithmic pipeline for CCD spectroscopic data reduc-

tion.
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1 Introduction: The Physics of the Spectrum
For millennia, humanity’s connection to the cosmos was strictly geometrical: we mapped
the positions of stars and tracked the orbits of planets. The birth of astronomical spec-
troscopy, however, fundamentally transformed our relationship with the Universe. Be-
cause we cannot physically travel to the stars, gather plasma from a black hole’s accretion
disk, or sample the atmosphere of an exoplanet, our entire physical understanding of the
cosmos relies on our ability to decode the light traveling across the void. Spectroscopy is
the ultimate cipher for this starlight.

At its core, astronomical spectroscopy represents the profound marriage of the macro-
scopic cosmos and the microscopic quantum world. It is founded on the physical cor-
respondence between absorption and emission lines in celestial spectra and the discrete
quantum energy transitions of atoms and molecules.

While imaging and photometry provide the spatial distribution and integrated broadband
flux of an object, spectroscopy shatters that light into a high-dimensional physical diag-
nostic. By dispersing a beam of light into its constituent wavelengths, we transition from
merely asking where an object is, to determining exactly what it is and how it behaves.
A single high-resolution spectrum allows us to simultaneously:

• Deduce radial velocities, orbital mechanics, and cosmic expansion (via the Doppler
shift).

• Measure kinetic temperature, surface gravity, and gas density (via line ratios and
profile shapes).

• Calculate precise chemical abundances and trace galactic nucleosynthesis (via curve
of growth analysis).

• Map the strength and topology of distant magnetic fields (via the Zeeman effect).

Ultimately, to master astronomical spectroscopy is to master the fundamental language
of astrophysics. In this lecture, we will explore both the physical origins of the spectrum
and the complex opto-mechanical instruments required to capture it.

1.1 The Physical Information Encoded in the Spectrum
To extract the information listed above, graduate-level astrophysics requires us to treat
the spectrum not merely as a morphological plot of flux versus wavelength, but as the
solution to the radiative transfer equation integrated over the source. The diagnostic
power of spectroscopy relies on isolating specific observables within the spectral lines and
the continuum:

1. The Line Centroid and Kinematics: The rest-frame wavelength (λ0) of a feature
uniquely identifies the atomic or molecular species. However, any measured shift from
this rest position (∆λ) rigorously maps the line-of-sight velocity field. At high resolutions,
this allows us to compute the mass functions of spectroscopic binaries, detect the reflex
motion induced by Earth-mass exoplanets (requiring ∼ 10 cm/s precision), and measure
the cosmological redshift (z) mapping the Hubble flow.
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2. Equivalent Width and Non-LTE Thermodynamics: The total integrated flux
removed (or added) by a line, quantified by its Equivalent Width (Wλ), is a primary
tracer of column density. By coupling Wλ with atomic oscillator strengths via the curve
of growth, we derive absolute chemical abundances. Furthermore, the intensity ratios
of lines from different ionization states (e.g., OIII / OII) provide powerful temperature
and density diagnostics, bypassing the assumption of Local Thermodynamic Equilibrium
(LTE) in diffuse nebulae.

3. Line Profiles and Surface Gravity: The specific shape of the line wings serves as
a proxy for pressure and surface gravity (log g). In dense stellar atmospheres (like those
of white dwarfs or main-sequence stars), intense local electric fields from neighboring
ions cause Stark broadening, while collisions with neutral hydrogen cause van der Waals
broadening. These pressure effects create massive Lorentzian “damping wings” that easily
distinguish a dense dwarf star from a diffuse supergiant, even if they share the exact same
effective temperature.

4. Energy Regimes and Multiwavelength Astrophysics: Because astrophysical
environments span extreme thermodynamic ranges, the phenomena we study are strongly
partitioned across the electromagnetic spectrum, dictating our instrumental designs:

• Optical/UV (Electronic Transitions, 1 − 10 eV): Probes the hot plasmas of stellar
photospheres, active galactic nuclei (AGN), and supernova remnants. This regime
is dominated by valence electron transitions and bound-free continuous opacities
(e.g., the Balmer continuum).

• Infrared (Molecular Vibration and Fine Structure, 10−3 −1 eV): The IR is transpar-
ent to interstellar dust, allowing us to peer into star-forming regions. We observe
vibrational bands of complex molecules (like PAHs) and atomic fine-structure lines
(e.g., [C II] at 158µm), which serve as the primary thermodynamic cooling channels
for the interstellar medium.

• Radio/Millimeter (Rotation and Hyperfine Structure, < 10−4 eV): Low-energy tran-
sitions allow us to map the coldest, darkest regions of the Universe. The rotational
ladders of molecules like CO trace dense molecular clouds, while the 21-cm hyper-
fine spin-flip transition of neutral hydrogen maps the grand spiral architecture of
galaxies.

1.2 Quantum Mechanics of Line Formation
Before we can design instruments to measure astronomical spectra, we must mathemat-
ically define the origin of the signal. Spectral lines arise from bound-bound electron
transitions within atoms, ions, or molecules. The rate of these transitions is governed by
the three Einstein Coefficients, which bridge the microscopic quantum mechanics of
the atom with the macroscopic equations of radiative transfer.

Consider a two-level system with a lower energy state E1 (statistical weight g1) and an
upper energy state E2 (statistical weight g2). The energy difference defines the central
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4. Astrophysical Energy Regimes

Figure 1: The four primary astrophysical diagnostics encoded within an astronomical
spectrum. (1) Line-of-sight kinematics are derived from the Doppler shifting of the cen-
troid. (2) Total column density and chemical abundances are derived from the Equivalent
Width (Wλ), representing the total flux absorbed. (3) Pressure broadening and damping
wings uniquely identify the surface gravity (log g) of the source. (4) Distinct thermo-
dynamic environments are probed by targeting different quantum transitions across the
electromagnetic spectrum.

frequency ν0 of the involved photon:

hν0 = E2 − E1 (1)

The interactions between the atom and the surrounding radiation field are described by
three distinct probability rates, which are illustrated in the left panel of Figure 2:

1. Spontaneous Emission (A21): The probability per unit time (in s−1) that an
electron in state 2 will spontaneously decay to state 1, emitting a photon in a
random direction.

2. Photo-Absorption (B12): The probability per unit time, per unit mean intensity
Jν , that an incoming photon will excite an electron from 1 to 2.

3. Stimulated Emission (B21): The probability per unit time, per unit Jν , that an
incoming photon will induce an electron in state 2 to drop to 1, emitting a second
photon perfectly in phase and in the same direction as the incident photon.

These coefficients are fundamentally linked by the Einstein relations, which are derived
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under the assumption of thermodynamic equilibrium but remain universally valid:

g1B12 = g2B21 and A21 = 2hν3
0

c2 B21 (2)

In astrophysics, the quantum mechanical transition probability is frequently tabulated
as the dimensionless oscillator strength (f12). This variable relates the true quantum
transition probability to a classical oscillating electron model, making it highly useful for
calculating stellar abundances:

B12 = 4π2e2

hν0mec
f12 (3)

Crucially, due to Heisenberg’s Uncertainty Principle and macroscopic kinetic effects (as
detailed in the following sections), no spectral line is perfectly monochromatic. The
transition probability is distributed over a narrow range of frequencies described by the
normalized line profile function ϕ(ν) (as seen in the right panel of Figure 2):∫ ∞

0
ϕ(ν)dν = 1 (4)

This profile function maps directly to the line absorption coefficient κν (the absorp-
tion cross-section per unit volume), which ultimately dictates the optical depth and the
darkness of the Fraunhofer line in the stellar atmosphere:

κν = hν0

4π
n1B12ϕ(ν)

[
1 − g1n2

g2n1

]
(5)

where n1 and n2 are the number densities of atoms in the lower and upper states, respec-
tively, and the bracketed term accounts for the negative opacity contribution of stimulated
emission.

E1, g1, n1

E2, g2, n2

B12Jν

Absorption

A21

Spontaneous

B21Jν

Stimulated

ν

ϕ(ν)

ν0

∫
ϕ(ν)dν = 1

Figure 2: Left: The three fundamental Einstein processes governing bound-bound tran-
sitions between energy levels E1 and E2. Right: The resulting normalized spectral line
profile ϕ(ν) broadened around the central rest frequency ν0.
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1.3 Line Broadening Mechanisms
The total width of a spectral line is dictated by the convolution of several physical broad-
ening mechanisms. Understanding these intrinsic widths is critical; it dictates the required
resolving power (R) of the spectrographs we will build.

Natural Broadening

Natural broadening arises directly from Heisenberg’s Uncertainty Principle. An excited
atomic state with a finite mean lifetime τ = 1/

∑
A21 cannot have a perfectly defined

energy. The uncertainty in energy is ∆E ≈ ℏ/τ , leading to an uncertainty in the frequency
of the emitted photon.

The resulting line profile follows a Lorentzian distribution:

ϕnat(ν) = γ/(4π2)
(ν − ν0)2 + (γ/4π)2 (6)

where γ is the classical damping constant. Natural broadening is typically on the order
of 10−4 Å. In most astrophysical environments, this is completely negligible compared to
other mechanisms, except in the extreme damping wings of very strong resonance lines
(like the Lyman-α forest in quasar spectra).

Thermal Doppler Broadening

In a gas at kinetic temperature T , atoms follow a Maxwell-Boltzmann velocity distribu-
tion. The line-of-sight velocity component vz introduces a Doppler shift:

∆ν

ν0
= vz

c
(7)

Substituting the Maxwellian distribution into the Doppler formula yields a Gaussian line
profile:

ϕth(ν) = 1
∆νD

√
π

exp
[
−
(

ν − ν0

∆νD

)2
]

(8)

where the Doppler width ∆νD incorporates both pure thermal motion and small-scale
microturbulent velocities (vturb):

∆νD = ν0

c

√
2kT

m
+ v2

turb (9)

Case Example: For hydrogen in the solar photosphere (T ≈ 5800 K), the thermal broad-
ening is approximately 0.2 Å. To resolve this line, an instrument requires a resolving
power R ≥ 30, 000.

Collisional (Pressure) Broadening

Perturbations to the atomic energy levels by nearby particles (electrons, ions, neutral
atoms) during a transition alter the emitted photon’s frequency. The Stark effect (due to
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ions/electrons) dominates in hot stars, while Van der Waals broadening (due to neutral
hydrogen) dominates in cool stars.

Collisional broadening also produces a Lorentzian profile. The overall intrinsic line pro-
file is the mathematical convolution of the Gaussian thermal profile and the Lorentzian
natural/collisional profile, known as the Voigt Profile:

H(a, u) = a

π

∫ ∞
−∞

e−y2

(u − y)2 + a2 dy (10)

where a = γ/(4π∆νD) is the ratio of damping width to Doppler width, and u = (ν −
ν0)/∆νD is the dimensionless frequency shift. The Voigt profile is characterized by a
Gaussian core and extended Lorentzian “damping wings”.

Macroscopic Broadening

On macroscopic scales, the rotation of a star or the expansion of a nebula will further
broaden the line. For a star with equatorial radius R∗ rotating at angular velocity Ω,
viewed at inclination angle i, the projected rotational velocity is v sin i.

The rotational profile convolved with the intrinsic stellar flux Fν dictates the final observed
line. The maximum rotational Doppler shift is ∆λrot = λ0

v sin i
c

. This convolution flattens
the line core and steepens the wings.

1.4 Parametrizing the Observed Line Profile
While the preceding sections detailed the intrinsic quantum and kinetic physics that
govern line formation and broadening, how do astronomers practically quantify these
lines from raw observational data? Before we analyze abundances via a curve of growth
or model the atmosphere, we categorize the observed profile F (λ) using a standard set of
empirical parameters (illustrated in Figure 3).

These measurements quantify the line’s strength, width, and shape directly from the
extracted, continuum-normalized spectrum.

1. The Continuum (Fc) and Core (λ0): The continuum (Fc) represents the inter-
polated baseline flux from the underlying photosphere (or other continuous emitter) in
the absence of the line opacity. It acts as our normalized reference level (typically set to
Fc = 1). The line core, centered at wavelength λ0, is the region of minimum residual flux
Fλ0 . The shape around the core is generally dictated by thermal Doppler broadening.

2. The Ala (Wing): The wings represent the transitions from the line core back to
the continuum level. While the core probes the upper, optically thin layers of a stellar
atmosphere, the wings probe the deeper, optically thick layers where gas pressure is much
higher. Thus, the wings are highly sensitive to collisional (Stark and van der Waals)
broadening, making them definitive diagnostics of atmospheric density and surface gravity
(log g), as noted earlier.

3. Central Depth (d or D): The depth is a measure of the maximum normalized line
strength. It represents the fraction of the continuum flux that has been absorbed at the
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line core:
d = Fc − Fλ0

Fc

= 1 − Fλ0

Fc

(11)

In frequency space, using specific intensity I(ν) as shown in Figure 3d, this relative
intensity is expressed as d = |I(ν0) − Ic|/Ic. A line depth of d = 0 indicates no absorption
(the line is non-existent), while d = 1 indicates a completely saturated, "black" core.

4. FWHM (Full Width at Half Maximum): This parameter quantifies the width
of the line core. We calculate the flux value that is exactly halfway between the residual
flux Fλ0 and the continuum level Fc:

FF W HM = Fλ0 + Fc − Fλ0

2 = Fc + Fλ0

2 (12)

For an absorption line, this is equivalent to Fc(1 − d/2). The FWHM (denoted ∆ν1 in
frequency space) is the total spectral span between the two points on the profile that
possess this specific flux value. FWHM is generally simpler to measure robustly than the
full extent of the damping wings.

5. Equivalent Width (Wλ or ∆ν2): This is the single most important parameter for
statistical chemical abundance analysis. The Equivalent Width is a purely mathematical
construct; it does not represent the physical width of the line. Instead, it quantifies the
total integrated area removed from the spectrum by the absorption line.

We formally define Wλ by integrating the area between the continuum and the line profile:

Wλ =
∫ λ2

λ1

Fc(λ) − Fλ(λ)
Fc(λ) dλ (typically in Å) (13)

Alternatively, in frequency space, the total integrated absorbed or emitted intensity is
defined as W =

∫
|I(ν) − Ic|dν. For an emission line (as in Figure 3c), the equivalent

width ∆ν2 equates this integral to a geometric rectangle of peak height, satisfying the
relation

∫
(Iν − Ic)dν = (Iν0 − Ic)∆ν2. Conceptualizing this, the Equivalent Width is the

width of a hypothetical perfectly rectangular line that would contain the exact same total
integrated flux as the complex, real spectral line.

Implications for Spectrograph Design

If we wish to measure the rotation of a slow-rotating star (v sin i ≈ 3 km/s), our
spectrograph must be capable of resolving velocity differences smaller than this.
The required resolving power is:

R ≡ λ

∆λ
= c

v
≈ 300, 000 km/s

3 km/s = 100, 000

This immediately drives us away from simple prisms and toward large Echelle spec-
trographs.
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Figure 3: Terminology for spectral lines (adapted from Léna et al.). (a) An arbitrary
spectrum displaying continuous emission alongside discrete absorption and emission fea-
tures. (b) The Full Width at Half Maximum (FWHM, ∆ν1) of a resolved emission line.
(c) The geometric definition of Equivalent Width (∆ν2) for an emission line, where the
area of the hatched rectangle exactly matches the integrated area of the line above the
continuum. (d) An absorption line profile, defining the total absorbed intensity and the
fractional core depth.

2 Physical Optics of Dispersion
The heart of the spectrometer is the dispersive element. By mapping the temporal fre-
quency of the incident electromagnetic wave into a spatial coordinate on a detector, we
decode the spectrum. We will examine the physics of the dominant dispersive technologies
used in astrophysics.

2.1 Prism Spectroscopy
Historically, the earliest spectrographs utilized glass prisms. The physical mechanism of
dispersion in a prism relies on the wavelength dependence of the index of refraction of the
glass, n(λ). Fundamentally, this arises from the interaction of the incident electromagnetic
field with the bound electrons of the dielectric material. Far from the resonant absorption
frequencies of the glass (which lie in the UV and IR), the real part of the refractive
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index is modeled rigorously by the Sellmeier equation, or empirically by the Cauchy
approximation:

n(λ) ≈ A + B

λ2 + C

λ4 (14)

where n(λ) is the refractive index, λ is the wavelength, and A, B, and C are empirical
constants specific to the glass material. Because of the strong 1/λ2 dependence, the dis-
persion is highly non-linear: it is aggressively stretched in the blue/UV and exponentially
compressed toward the red.

As illustrated in Figure 4, because the index of refraction is higher for shorter wavelengths
(nblue > nred), blue light experiences a greater angle of refraction at both interfaces of
the prism compared to red light. This differential bending spatially separates an incident
polychromatic beam into its constituent spectrum.

α

White Light

Red (lower n, bends less)

Blue (higher n, bends more)

Normal

Figure 4: Chromatic dispersion in a glass prism. Because the refractive index n(λ) in-
creases as wavelength decreases, shorter wavelengths (blue) are refracted by a larger angle
than longer wavelengths (red), spreading the light into a spectrum.

For a prism operated at the angle of minimum deviation, the ray path is perfectly sym-
metric (as illustrated in Figure 5), and internal optical aberrations, like astigmatism, are
minimized. The relationship between the refractive index and the geometry is given by:

n(λ) =
sin

(
α+δ

2

)
sin

(
α
2

) (15)

where α is the apex angle of the prism, and δ is the total angle of minimum deviation for
that specific wavelength.

By applying the Rayleigh criterion, we can determine the intrinsic theoretical resolving
power of a prism. Consider a plane wavefront of polychromatic light incident on the full
face of the prism, as illustrated in Figure 6.

To find the dispersion limit, we analyze the optical path length (OPL) difference between
the two extreme rays of the beam: one marginal ray passes through the infinitesimally
thin apex (where the physical thickness of the glass approaches zero), while the other
marginal ray traverses the entire physical base of the prism, b.
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Figure 5: Geometry of a prism operated at the angle of minimum deviation (δ). The ray
path is perfectly symmetric, keeping the internal beam parallel to the prism’s base.
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Figure 6: Diagram illustrating the Rayleigh criterion for a dispersive prism. The resolving
power depends entirely on the optical path difference between the extreme rays. To
marginally resolve two adjacent wavelengths (λ and λ + ∆λ), their exiting wavefronts
must be tilted relative to one another by exactly one wavelength (λ) across the full width
of the beam.

The optical path difference (OPD) between these two extreme rays inside the prism is:

OPD = n(λ) · b (16)

If the incident light contains a second, slightly different wavelength λ + ∆λ, the refractive
index for this ray will be n + ∆n. The change in the optical path difference across the
full aperture of the prism due to this infinitesimal wavelength shift is:

∆(OPD) = b · ∆n ≈ b

∣∣∣∣∣dn

dλ

∣∣∣∣∣∆λ (17)

The Rayleigh criterion states that two adjacent spectral lines are just resolved if the
central diffraction maximum of one coincides with the first diffraction minimum of the
other. As shown in Figure 6, this condition is geometrically met when the wavefront of
the second wavelength is tilted by exactly one full wavelength (λ) relative to the first
wavefront across the extreme edges of the beam.

Equating our change in optical path difference to this single-wavelength Rayleigh limit
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yields:

b

∣∣∣∣∣dn

dλ

∣∣∣∣∣∆λ = λ (18)

Rearranging this expression demonstrates that the resolving power of a prism is completely
independent of the apex angle, relying strictly on the size of the glass and its material
properties:

Rprism ≡ λ

∆λ
= b

∣∣∣∣∣dn

dλ

∣∣∣∣∣ (19)

where Rprism is the dimensionless resolving power, λ is the central wavelength being
observed, ∆λ is the smallest resolvable wavelength difference, b is the physical length
of the prism’s base, and dn/dλ is the material’s dispersion (the rate of change of the
refractive index with respect to wavelength).

2.2 Diffraction Gratings
While dispersive elements like prisms offer excellent optical throughput, their inherent
non-linear dispersion and fundamentally limited resolving power make them inadequate
for modern precision spectroscopy. Prisms separate polychromatic light through bulk
refraction at the interface of transparent, isotropic, and isothermal media (governed by
Snell’s Law).

To achieve the high resolving powers (R ≳ 10, 000) and predictable, linear dispersion
required to measure precise stellar radial velocities or detailed chemical abundances, as-
tronomers must instead exploit the wave nature of light. A surface-relief diffraction grating
achieves this dispersion through interference rather than refraction. It consists of an op-
tical surface ruled with N microscopic, parallel, equidistant grooves, where the physical
distance between adjacent grooves is defined as the grating constant, d.

As illustrated in Figure 7, when a plane wave is incident upon the grating at angle α,
each groove acts as a Huygens-Fresnel secondary emitter.

d

Normal

Incident
Plane Wave Diffracted

Plane Wave

α
β

Figure 7: Fundamental geometry of a diffraction grating. Incoming plane waves strike the
periodic grooves (separated by the grating constant d) at an incident angle α. Constructive
interference dictates that the light is scattered at a specific diffraction angle β.
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From a rigorous physical optics standpoint, the intensity profile I(β) of the diffracted light
is the product of a single-slit diffraction envelope (due to the width of a single groove, D)
and an N -slit interference term (due to the N total grooves):

I(β) = I0

sin
(

πD sin β
λ

)
πD sin β

λ

2 sin
(

Nπd sin β
λ

)
sin

(
πd sin β

λ

)
2

(20)

The principal maxima of this interference pattern dictate the fundamental Grating
Equation:

mλ = d(sin α ± sin β) (21)
where m = 0, ±1, ±2, . . . is the diffraction order. As illustrated in Figure 8, this equation
dictates that an incident beam is split into multiple discrete, spatially separated beams
corresponding to these integer values of m. Crucially, for the zeroth order (m = 0), the
wavelength λ drops out of the equation entirely. Because the diffraction angle β becomes
purely a function of the incident angle α and completely independent of wavelength, all
incident light is scattered at the exact same angle. Consequently, the grating acts simply
as a standard mirror or window for the m = 0 beam, resulting in absolutely zero chromatic
dispersion.

Optical Axis / Normal

Diffraction
Grating

Incident Light (λ)

m = 0
(Zero

Dispersion)
m = +1 m = −1

m = +2 m = −2
β1

β2

Figure 8: Illustration of the multiple diffraction orders (m) generated by a grating (shown
here in transmission under normal incidence, α = 0). The incident light is scattered into
discrete angles β. The m = 0 order continues undeviated and is completely undispersed,
while higher orders disperse the light at progressively larger angles.

Dispersion, Resolution, and Magnification: By differentiating the grating equation,
we obtain the fundamental angular dispersion:

dβ

dλ
= m

d cos β
(22)
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Because the diffracted angle β differs from the incident angle α, the beam is spatially
compressed or expanded, an effect known as Anamorphic Magnification:

r = cos α

cos β
(23)

Applying the Rayleigh criterion, the theoretical diffraction-limited resolving power de-
pends purely on the order m and the total number of illuminated grooves N :

Rgrating = λ

∆λ
= mN. (24)

Blaze Function and Free Spectral Range: A major disadvantage of standard diffrac-
tion gratings is that light from the source is divided across these multiple orders, leading
to significant light loss. A classic unblazed grating distributes light symmetrically, wasting
most of the energy in the m = 0 mirror-reflection order. To solve this and concentrate
the diffracted energy into a specific order m, modern gratings employ a technique called
blazing (Figure 9). Used heavily in reflection gratings, the grooves are cut like a sawtooth
where each micro-mirror facet is inclined at a blaze angle θB relative to the grating axis.
Maximum efficiency occurs when the macroscopic diffraction angle β perfectly coincides
with the specular reflection angle off these individual micro-facets, routinely allowing low
orders to reach up to 90% efficiency.

Grating Normal

Facet Normal

Incident

Diffracted

α
β

θB

d

Figure 9: Geometry of a blazed reflection grating. By tilting the micro-facets at the blaze
angle θB, the specular reflection off the groove is aligned with the interference diffraction
angle β, vastly increasing throughput efficiency.

Because the grating equation allows multiple wavelengths to satisfy the same angle β,
we must define the Free Spectral Range (FSR). The FSR is the wavelength span
in a given order m before it spatially overlaps with the adjacent order m + 1, given by
∆λF SR = λ/m.

Imperfections: Mechanical ruling is an imperfect process. Periodic errors from the
ruling engine lead to Rowland Ghosts (spurious lines appearing close to strong spectral
lines), while variations spanning multiple periods cause Lyman Ghosts (spurious signals
appearing far away from the strong lines). Furthermore, if light is incident or reflected at

AST-B09 | Course Notes | L08 | Rogério Monteiro-Oliveira, Ph.D. 15



very large angles, the physical steps of the grating itself can geometrically intercept part
of the beam. This shadowing limits throughput, and there is unfortunately no physical
solution to this problem other than avoiding high angles of incidence.

2.3 Advanced Dispersive Elements
Echelle Spectroscopy: For precision stellar astrophysics requiring resolving powers of
R ≥ 100, 000 (such as exoplanet hunting via radial velocities or detailed isotopic abun-
dance analysis), standard first-order gratings fall short. The solution is the Echelle grating
(Figure 10), which relies on blazing at extremely high angles. It is ruled with very coarse
grooves (a large grating constant d) but operated at extremely steep incident angles
(α ≈ 70◦). This setup is typically mounted in a Littrow configuration where the incident
and diffracted angles are nearly identical (α ≈ β ≈ θB). This specific geometry concen-
trates the light into extraordinarily high interference orders (m ≈ 10 to 100), yielding
massive angular dispersion.

Grating Normal

Incident Ray
Diffracted Ray

α ≈ 70◦
Operated near

Littrow Configuration
(α ≈ β ≈ θB)

Figure 10: An Echelle grating utilizes coarsely spaced grooves but operates at highly
oblique angles. The light strikes the steep side of the groove, yielding extremely high
angular dispersion.

However, operating at such extraordinarily high orders introduces a significant complica-
tion. To understand this primary challenge of an Echelle grating, we must rigorously define
the Free Spectral Range (FSR). The fundamental grating equation, mλ = d(sin α+sin β),
contains an inherent degeneracy: light of different wavelengths from different diffraction
orders can scatter at the exact same macroscopic angle β.

For a fixed diffraction angle, the condition for physical overlap between an order m at
wavelength λ and the adjacent higher order m + 1 at a slightly shorter wavelength λ −
∆λF SR is given by:

mλ = (m + 1)(λ − ∆λF SR) (25)
Expanding this and solving for ∆λF SR (assuming ∆λF SR is small compared to λ) yields
the Free Spectral Range:

∆λF SR = λ

m
(26)

The FSR represents the maximum wavelength bandwidth that can be observed in a single
order before it becomes hopelessly contaminated by the adjacent order folding on top of
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it. In a standard m = 1 grating, the FSR spans the entire visible spectrum. However,
because an Echelle operates at exceptionally high orders, the FSR shrinks dramatically.
For instance, at λ = 5000 Å operating in order m = 50, the FSR is a mere 100 Å.

Consequently, because this FSR is so narrow, dozens of spectral orders physically overlap
and pile up on top of one another at the focal plane. To resolve this intense degeneracy,
a perpendicular cross-disperser (typically a large prism or a low-dispersion transmission
grating) is inserted into the optical path. This second element disperses the light orthog-
onally to the primary Echelle dispersion, peeling the overlapping orders apart vertically.
The result is a two-dimensional stacked spectrum known as an echellogram, which highly
optimizes detector real estate by packing a massive, high-resolution continuous spectral
span onto a standard rectangular CCD.

Beyond this highly efficient use of detector real estate, the Echelle format offers a major
engineering advantage regarding the overall size of the instrument. In a standard linear
spectrograph, the only way to achieve resolutions of R > 100, 000 is by severely shrinking
the slit width and building an unwieldy instrument with an extremely long camera focal
length. The Echelle bypasses this by extracting its high resolving power mathematically
from the m parameter. This allows the physical footprint of the collimator and camera
lenses to remain remarkably compact. This size reduction is absolutely vital for modern
astrophysics, as it allows the entire high-resolution instrument to be housed inside an
environmentally stabilized vacuum tank, shielding the sensitive optics from microscopic
temperature and atmospheric pressure fluctuations.

Grisms (Grating-Prisms): A Grism is a hybrid dispersive element created by ruling
or replicating a transmission grating directly onto the hypotenuse of a right-angle prism
(Figure 11).

Incident White Light

Red

λc (Undeviated order m = 1)

Blue

Figure 11: A Grism Disperser. The refractive deviation introduced by the glass prism is
perfectly counteracted by the diffractive deviation of the transmission grating for a central
wavelength λc, keeping the primary optical axis straight.

The fundamental principle of a grism is to engineer the prism and the grating such that
their dispersive powers act in geometric opposition. For a chosen central wavelength λc,
the angular deviation introduced by the bulk refraction of the prism (δprism ≈ (n−1)α for
a small apex angle α) is perfectly counteracted by the diffractive deviation of the grating.
This mathematical condition allows this central spectral order (typically m = 1) to pass
straight through the element undeviated along the original optical axis.

Because the primary optical axis is not bent, grisms offer a profound mechanical ad-
vantage: they can be inserted directly into the collimated beam of a standard imaging
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camera, often housed in a simple, rotating filter wheel. This allows astronomers to in-
stantly transform a standard telescope imager into a low- to medium-resolution (R ∼ 100
to 3000) multi-object spectrograph without requiring complex, dedicated, off-axis spec-
trograph optics. Grisms are the workhorse dispersive elements for slitless spectroscopy
in major space observatories (such as the Hubble Space Telescope’s WFC3 and JWST’s
NIRISS). While slitless grism spectroscopy allows for the simultaneous capture of spec-
tra for every source in the field of view, it requires complex data reduction to untangle
overlapping spectra in crowded stellar fields.

Volume Phase Holographic (VPH) Gratings: Unlike classical surface-relief gratings
where grooves are physically carved or replicated onto a surface, a VPH grating operates
via diffraction through a continuous three-dimensional volume (see Figure 12). It consists
of a thin layer of photo-active material (traditionally dichromated gelatin, DCG), or
modern photopolymers) sandwiched tightly between two optically flat glass substrates.
The index of refraction within this DCG volume is modulated sinusoidally by exposing the
material to a highly stable interference pattern generated by two intersecting, coherent
laser beams:

n(x) = n0 + ∆n cos
(2πx

d

)
(27)

where n0 is the bulk refractive index of the gelatin, ∆n is the amplitude of the index
modulation, and d is the spatial fringe spacing (the grating constant).

Glass Substrate

DCG Volume

Glass Substrate

Thickness D

d

Normal

Incident Ray
(λ)

Undeviated (m = 0)Diffracted (m = 1)

αB

αBαB

Index Modulation Profile

x

n(x)

n0

d

∆n

Figure 12: Structure and operation of a Volume Phase Holographic (VPH) grating. Light
incident at the Bragg angle αB interacts with a sinusoidally modulated refractive index
volume (D). Constructive Bragg diffraction channels the energy highly efficiently into the
symmetric m = 1 order. The inset details the mathematical index profile n(x) created by
laser holography.

VPH gratings operate in transmission. Because the diffraction occurs within the volume
rather than at a geometric surface step, the efficiency is governed rigorously by Kogel-
nik’s Coupled Wave Theory for thick holograms. The diffraction efficiency depends
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strictly on satisfying the Bragg condition (mλ = 2dn0 sin αB) and the induced phase shift
ϕ accumulated by the wavefront as it passes through the gelatin of physical thickness D:

ϕ = π∆nD

λ cos αB

(28)

When the parameters are tuned such that the phase shift reaches exactly ϕ = π/2 at the
Bragg angle, the theoretical diffraction efficiency approaches 100%. In practical astronom-
ical instruments, VPH gratings routinely achieve staggering peak throughputs exceeding
90%, significantly outperforming traditional blazed surface-relief gratings.

Beyond their unparalleled optical throughput, VPH gratings offer several critical engi-
neering advantages for modern spectrographs. Because they are recorded optically via
laser interference rather than ruled mechanically, they are completely free of the peri-
odic screw-drive errors that cause Rowland and Lyman ghosts. Furthermore, because
the delicate gelatin is fully encapsulated between solid glass plates, the grating volume is
completely protected from environmental degradation, humidity, and dust; they can even
be physically wiped clean, which is strictly impossible with fragile surface-relief gratings.
Finally, the “blaze” envelope (peak efficiency wavelength) of a VPH grating can be dy-
namically tuned simply by tilting the grating to change the incident Bragg angle, making
them highly versatile components for multi-mode astronomical spectrographs.

3 The Architecture and Performance of the Slit Spec-
trograph

To map the spectral energy distribution Fλ of an astronomical source, we must spatially
separate its light as a function of wavelength. The classical slit spectrograph accomplishes
this by effectively projecting an infinite number of monochromatic images of the entrance
slit onto a focal plane. This requires a precise, sequential optical train: Slit → Collimator
→ Disperser → Camera → Detector, as illustrated in Figure 13.

Within this sequential optical train, the primary function of the collimator is to take the
diverging beam emerging from the focal plane slit and render it perfectly parallel. This is
a strict mathematical necessity because dispersive elements, particularly diffraction grat-
ings, are designed to operate on plane waves. If the beam were to remain divergent, the
angle of incidence α would vary continuously across the illuminated footprint on the grat-
ing. Consequently, the grating equation dictates that identical wavelengths would diffract
at varying angles, hopelessly smearing the spectral profile and destroying resolution.

Beyond merely making the light parallel, the collimator must be rigorously matched to
the telescope’s beam geometry to conserve étendue (the AΩ product). Specifically, the
focal ratio (F/#) of the collimator must perfectly match the output focal ratio of the
telescope: (

f

D

)
collimator

=
(

f

D

)
telescope

(29)

If the collimator is “faster” (smaller F/#) than the telescope, the beam will underfill the
optics, wasting resolving power and grating surface area. Conversely, if the collimator
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Figure 13: The optical layout of a fundamental slit spectrograph. The system essentially
creates infinite monochromatic images of the slit along the dispersion axis of the detector.

is “slower” (larger F/#), the diverging beam will overfill the collimator lens or mirror,
causing severe vignetting and absolute light loss.

By defining the focal length of the collimator (fcol), we directly set the physical diameter
of the collimated beam (Dbeam) illuminating the grating:

Dbeam = fcol

F/#telescope

(30)

Equation 30 reveals a fundamental trade-off in spectrograph design: to achieve higher
resolving power (which scales with the illuminated width of the grating), one must design
a collimator with a longer focal length. However, this produces a wider beam, requiring
massive, expensive gratings and drastically increasing the overall physical footprint of the
instrument.

Finally, while shaping this beam geometry, optical engineers must carefully manage im-
age quality. As discussed extensively in Lecture 04, fast optical systems and off-axis
reflections are highly susceptible to third-order Seidel aberrations (Spherical Aberration,
Coma, and Astigmatism). If left uncorrected by Schmidt plates, complex lens groups,
or optimized aspheric surfaces, these aberrations will violently distort the Line Spread
Function (LSF). Coma, in particular, will induce asymmetric tails on the spectral lines,
causing illumination-dependent centroid shifts that can completely eradicate radial veloc-
ity precision.

3.1 Instrumental Performance and the Projected Slit
The theoretical resolving power R = mN of a grating assumes an infinitely narrow en-
trance slit, which would generate a pure diffraction-limited Point Spread Function (PSF).
In reality, astronomical spectrographs are slit-limited. The ultimate resolution on the
detector is determined by the macroscopic physical width of the slit projected onto the
CCD pixels.
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To characterize a spectrometer’s performance rigorously, we define the Instrumental
Profile, P (λ). This profile is the spectral point response function of the instrument. In
other words, if the incident radiation I0(λ) consists of a single, infinitely narrow, perfectly
monochromatic emission line (a Dirac delta function, I0(λ) = δ(λ−λ0)), the spectrometer
will not output a perfectly sharp line. Instead, due to diffraction, optical aberrations, and
the finite slit width, it will deliver a broadened intensity distribution, P (λ).

For any general astronomical source with a true, intrinsic spectrum I0(λ), the spectrum
I(λ) actually observed by the linear detector is given by the mathematical convolution of
the true spectrum with the instrumental profile:

I(λ) = P (λ) ∗ I0(λ) (31)

The equivalent width of this instrumental profile, often denoted ∆λP (or ∆νP in frequency
space), defines the fundamental Spectral Resolution limit of the instrument. As illus-
trated in Figure 14, two adjacent spectral lines cannot be distinguished until the resolving
power R = λ0/∆λ is high enough that the instrumental width becomes smaller than the
separation between the lines. Once the true intrinsic width of the lines is reached, further
increasing R yields no additional line purity.

Increasing
Resolving
Power (R)

a R ∼ 0
∆λP = λ0/R

b

c

d

e
Wavelength (λ)

Figure 14: The effect of the instrumental profile on resolving power. (a) R ∼ 0. (b)
The lines appear as a single broad feature. (c) The lines appear double, but are blended
by the wide instrumental profile. (d) The two lines are sufficiently resolved. (e) The
true intrinsic width of the lines is attained. The horizontal red segments represent the
instrumental width ∆λP dictated by the slit geometry.
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3.2 Linear Dispersion and Slit-Limited Resolution
The linear dispersion describes how physically spread out the spectrum is on the detector
array. Measured in mm/Å (or its inverse, reciprocal linear dispersion P , in Å/mm or
Å/pixel), it is mathematically given by multiplying the angular dispersion of the grating
by the focal length of the camera lens:

dx

dλ
= fcam

dβ

dλ
= mfcam

d cos β
(32)

To find the practical spectral resolution ∆λ of the instrument, we must find the wavelength
span that corresponds to the physical projected width of the slit, w′, as it lands on the
detector utilizing Equation 32:

∆λ = w′
dλ

dx
=
[
w

(
fcam

fcol

)
cos α

cos β

](
d cos β

mfcam

)
= wd cos α

mfcol

(33)

Equation 33 yields a remarkable result. Notice that fcam gracefully cancels out entirely!
The spectral resolution ∆λ is strictly independent of the camera focal length.

By substituting the result from Equation 33 into our fundamental definition, the practical
resolving power for a slit-limited spectrograph is therefore:

Rslit = λ

∆λ
= mλfcol

wd cos α
= (sin α + sin β)fcol

w cos α
(34)

Equation 34 highlights that to increase the practical resolving power, an optical engineer
must either increase the angular dispersion of the grating (increasing m, or using steep
angles α, β), increase the size of the collimator (fcol), or physically close down the slit
width (w) at the cost of blocking light from the source.

Detector Matching and Nyquist Sampling: Finally, the optical design must be cou-
pled realistically to the digital detector. According to the Nyquist-Shannon sampling
theorem, for the continuous optical spectral signal to be perfectly reconstructed by the
digital reduction software without aliasing, the projected slit width w′ (defined mathe-
matically inside Equation 33) must cover a minimum of 2 to 2.5 CCD pixels, as illustrated
in Figure 15:

w′ ≥ 2 × Pixel SizeCCD (35)
If the physical pixels are too large (undersampling relative to the limit in Equation 35),
the hard-won optical resolution engineered into the instrument is irreversibly lost to pix-
elation. Conversely, if the pixels are too small (oversampling), the light is spread across
too many independent pixels, unnecessarily amplifying the contribution of the detector’s
read noise per spectral resolution element and degrading the Signal-to-Noise (S/N) ratio.

3.3 Seeing, Slit Losses, and the Resolution-Throughput Trade-
off

The theoretical equations for resolving power treat the astronomical source as a perfect
point or plane wave. However, ground-based telescopes observe through the Earth’s
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Spatial Axis (x)

Optical Intensity

Projected Slit Width (w′)

Undersampled
w′ < 1 pixel
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Nyquist Sampled
w′ ≈ 2.5 pixels
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Figure 15: Visualizing the Nyquist-Shannon sampling theorem for CCD spectroscopy.
The continuous optical intensity of the projected slit (w′, top) must be discretized by the
CCD pixel grid. Undersampled: The physical pixels are larger than the slit, irreversibly
destroying resolution. Nyquist Sampled: The slit optimally spans 2 to 2.5 pixels,
preserving resolution without excessive noise. Oversampled: The light is spread across
too many pixels, reducing the Signal-to-Noise ratio without adding actual resolution.

turbulent atmosphere, which smears the incoming starlight into a Gaussian-like seeing
disk (typically spanning ∼ 1′′ to 2′′ in angular diameter).

This introduces the most fundamental, daily compromise in observational spectroscopy:
the ruthless trade-off between resolution and throughput. If the physical width of the
slit w is set to correspond to an angular size on the sky that is strictly smaller than the
seeing disk, a significant fraction of the star’s photons will physically strike the opaque
slit jaws and be lost to the instrument entirely. This is known as a slit loss (as illustrated
in Figure 16).

Consequently, while closing down the slit dramatically increases the resolving power R
(since Rslit ∝ 1/w), it actively destroys the absolute light-gathering power of the observa-
tion. An astronomer must constantly balance these two parameters at the telescope based
on the specific scientific goals of the night: keep the slit wide to maximize Signal-to-Noise
for faint objects, or close the slit to maximize velocity precision for bright objects.

4 Multiplexing: Spatially Resolved Spectroscopy
Classical single-slit spectroscopy is highly inefficient for modern cosmology and galactic
surveys that require mapping millions of faint targets (e.g., SDSS, DESI), or for studying
the complex, spatially varied kinematics of extended galaxies. To solve this, astronomers
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Figure 16: The fundamental trade-off between Resolution and Throughput in slit spec-
troscopy. Left: A wide slit allows the entire atmospheric seeing disk to pass into the
spectrograph, maximizing total flux but degrading the theoretical resolving power R.
Right: A narrow slit dramatically increases R but physically blocks the spatial wings of
the Gaussian seeing profile, resulting in significant "slit losses".

utilize spatial multiplexing.

4.1 Multi-Object Spectroscopy (MOS)
MOS allows the simultaneous acquisition of spectra from dozens to thousands of discrete
targets scattered across the telescope’s wide focal plane in a single exposure.

• Multi-Slit Masks: Used predominantly on ground-based optical telescopes (e.g.,
Gemini GMOS, VLT FORS2) and space telescopes (JWST NIRSpec). A physi-
cal metallic or carbon-fiber mask is precisely laser-cut with hundreds of mini-slits
corresponding to specific target coordinates. The main advantage is excellent lo-
cal sky subtraction, as the custom slit perfectly covers the target and samples the
immediate adjacent sky background.

• Multi-Fiber Spectroscopy: Used for massively wide-field surveys covering square
degrees (e.g., SDSS, Subaru PFS, ESO 4MOST). Optical fibers are placed precisely
in the focal plane by automated robotic positioners. The fibers physically route the
light down from the telescope into massive, highly stable spectrographs located in
gravity-invariant, temperature-controlled basement rooms.

A critical physics problem in fiber-fed spectroscopy is Focal Ratio Degradation (FRD).
When light propagates through a step-index optical fiber via total internal reflection,
microscopic bends in the fiber (micro-bending) and imperfections at the core-cladding
boundary cause a random scattering of the internal ray angles.

Consequently, as seen in Figure 17, light entering the fiber at a specific focal ratio (e.g.,
f/5) may emerge from the exit face at a faster, broader focal ratio (e.g., f/4). This effect
breaks the conservation of étendue. The collimator of the spectrograph must be built
physically larger (and thus vastly more expensive) to capture the faster diverging beam
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Figure 17: Visualizing Focal Ratio Degradation (FRD). Due to internal scattering from
micro-bends and interface stresses, the input cone of light (θin) spreads, emerging as a
physically wider cone (θout). The beam effectively becomes "faster."

exiting the fiber. If the collimator is not upsized, the outer cone of light overfills the
optics, leading to severe flux loss and vignetting.

4.2 Integral Field Spectroscopy (IFU)
Also known as 3D Spectroscopy or spatially resolved spectroscopy. Instead of targeting
multiple separate objects, an IFU maps a spatially extended single object (like a merging
galaxy, a protoplanetary disk, or a supernova remnant). It produces a Data Cube
(x, y, λ), providing a full independent spectrum for every single spatial pixel (spaxel) in
the contiguous field of view.

Because traditional diffraction gratings only disperse light in one dimension, the 2D tele-
scope focal plane must be optically “chopped” and reformatted into a 1D pseudo-slit to
feed the spectrograph. Three main IFU architectures exist to accomplish this:

1. Lenslet Arrays: A microscopic grid of lenses segments the focal plane, focusing
each segment into a tiny micro-dot that enters the spectrograph. Best for achieving
extremely high spatial resolution over very small fields (e.g., Keck OSIRIS).

2. Fiber Bundles: A densely packed hexagonal bundle of optical fibers is placed in the
focal plane. The fibers are then routed and rearranged linearly at the spectrograph
entrance. Often, a lenslet array is placed over the fiber inputs to increase the
geometric fill-factor from ∼ 70% to nearly 100% (e.g., SDSS MaNGA).

3. Image Slicers: The most optically efficient method, heavily utilized by JWST
(MIRI/NIRSpec) and the VLT (MUSE). A staircase-like stack of highly polished
micro-mirrors mathematically slices the 2D image into thin, rectangular ribbons.
Secondary pupil mirrors arrange these ribbons end-to-end to form the long pseudo-
slit (Figure 18). Slicers maintain the original focal ratio, bypass FRD completely,
and have nearly zero optical loss compared to fibers.

5 CCD Spectroscopic Data Reduction
Modern astronomical spectrographs rely heavily on Charge-Coupled Devices (CCDs) as
their primary scientific detectors. To achieve high signal-to-noise ratios, these CCDs
must possess specific typical properties: high quantum efficiency across the optical/near-

AST-B09 | Course Notes | L08 | Rogério Monteiro-Oliveira, Ph.D. 25



1. 2D Focal Plane
(Extended Object)

Slice 1

Slice 2

Slice 3

Slice 4

2. 1D Pseudo-Slit

Sl
ic

e
1

Sl
ic

e
2

Sl
ic

e
3

Sl
ic

e
4

Grating
Dispersion

(λ)

3. 2D CCD Detector

Spectrum 1

Spectrum 2

Spectrum 3

Spectrum 4

Software
Reconstruction

4. 3D Data Cube
(x, y, λ)

y

x

λ

Figure 18: The end-to-end operational principle of an IFU Image Slicer. The 2D focal
plane is optically sliced by mirrors, reformatted vertically into a 1D pseudo-slit, and
dispersed. Because the spatial segments are stacked along the spatial axis of the detector,
their spectra do not overlap. Finally, software reconstructs these dispersed traces back
into their original spatial coordinates, generating a 3D Data Cube (x, y, λ).

IR window, low read noise, high charge transfer efficiency (CTE), a high dynamic range
to capture both faint lines and bright continuum, and good cosmetic quality (minimal
hot/dead pixels).

However, the raw 2D image generated by the spectrograph is completely dominated by
instrumental signatures, optical defects, and geometric distortions. To extract the true
physical spectrum of an astronomical object, the data must be passed through a rigorous
algorithmic pipeline known as data reduction.

5.1 The Spectroscopic Reduction Pipeline
The standard procedure for reducing single-slit or long-slit CCD spectroscopy involves
several distinct sequential stages, transitioning from raw 2D pixel arrays to a calibrated
1D array of physical flux versus wavelength.

Pre-Processing and Instrumental Correction: Before any spectral information can
be evaluated, the raw 2D images must be purged of artifacts generated by the CCD
electronics and the optical path.

• Image Trimming: The unilluminated edges (overscan regions) of the CCD are
cropped out.

• Bias, Dark, and Flat Combination: Master calibration frames are created by
combining multiple individual bias (zero-second), dark (thermal noise), and flat-field
(uniform white light) exposures.

• Defect Correction: The combined master frames are used to map and correct im-
age defects, pixel-to-pixel sensitivity variations, and optical fringing via subtraction
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Figure 19: The standard sequential workflow for CCD spectroscopic data reduction. The
process is divided into 2D instrumental signature removal, 1D mathematical extraction,
and physical calibration (wavelength and flux).

and division.

One-Dimensional Extraction and Sky Subtraction: Once the 2D image is cleaned,
the actual object spectrum must be mathematically extracted. This process, known as
1D spectral extraction, collapses the two-dimensional target trace into a one-dimensional
array of pixel intensity. Crucially, the raw extraction window contains both the target
object’s flux and the background emission of the Earth’s atmosphere. To isolate the
astronomical source, the reduction software evaluates distinct extraction bands for the
object and the adjacent sky background. The local sky spectrum is then mathematically
subtracted pixel-by-pixel from the object trace.

Wavelength Calibration: The extracted 1D spectrum is entirely meaningless until its
X-axis (currently measured in arbitrary CCD pixels) is mapped to physical wavelength
units (Angstroms or Nanometers). This is achieved using comparison arc lamps.

1. Lamp Extraction: A spectrum of a known emission lamp (such as He-Ar, He-Ar-
Ne, or Cu-Ar) is taken through the identical optical setup and extracted.

2. Polynomial Fitting: The software identifies the pixel centroids of well-known
chemical emission lines and fits a mathematical function (typically a 2nd-order or
higher polynomial) to map pixel coordinates to wavelengths.

3. Application: This derived polynomial dispersion solution is strictly applied to the
science object’s spectrum, formally calibrating the wavelength axis.

Flux Calibration: The Y -axis of the extracted spectrum is currently measured in ar-
bitrary Analog-to-Digital Units (ADUs), representing electron counts. To convert these
counts into a physical energy distribution (Fλ, usually in units of erg · s−1 · cm−2 · Å−1),
we must evaluate the system’s quantum efficiency across all wavelengths. This is done by

AST-B09 | Course Notes | L08 | Rogério Monteiro-Oliveira, Ph.D. 27



observing spectrophotometric standard stars (stars with precisely known, stable physical
fluxes). By comparing the extracted ADU spectrum of the standard star to its known
theoretical flux, astronomers calculate the overall sensitivity function of the system. This
sensitivity curve is then applied directly to the science object, correcting for both the
instrument’s specific efficiency response and the atmospheric extinction curve.
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These course notes were refined with the assistance of Gemini 3.1 Pro. Unless otherwise
cited, all figures were generated using this tool.
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