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Goals of Lecture 01

This foundational session establishes the core principles of observational astronomy.
Its primary objectives are to:

• Rigorously define the epistemological boundaries of astronomy as an intrinsi-
cally observational, rather than experimental, science.

• Formulate the mathematical challenge of astrophysical measurement as an ill-
posed inverse problem requiring Bayesian inference.

• Detail the complete observational chain, from physical information carriers
and the propagation medium to data acquisition.

• Establish the critical distinction between raw instrumental data and synthe-
sized scientific information.

• Demonstrate the socio-economic impact of basic astronomical research as a
crucial engine for applied technological and medical development.
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1 The Epistemological Core: An Intrinsically Obser-
vational Science

A rigorous study of observational astronomy must begin by defining its epistemological
framework. Specifically, we must address the fundamental challenge of the field: how to
reliably infer the physical properties of systems that lie entirely beyond our direct physical
influence.

1.1 The Paradigm of Passive Reception
Astronomy is the quintessential observational science. This classification is not merely
semantic; it dictates the entire mathematical, statistical, and instrumental apparatus we
use. It stems from the extreme inaccessibility of our targets due to vast cosmic distances
and the fundamental limits of information propagation.

In a standard laboratory environment (experimental physics), the scientist is an active,
intervening agent. You manipulate the independent variables of a system (injecting heat,
applying a magnetic field B, or altering pressure P ) and observe the dependent response.
The experimentalist designs the initial conditions, creates control groups, and can re-run
the experiment infinitely to beat down statistical noise and prove causality.

In astronomy, we are entirely restricted to a passive role. The universe is running
the experiments, but we cannot control the boundary conditions. We cannot alter the
mass of a main-sequence star to observe how its evolutionary track on the Hertzsprung-
Russell diagram changes. We cannot trigger a supernova to test our neutrino transport
equations. We are completely reliant on the stochastic natural emission of information
carriers (photons, particles, gravitational waves) that happen to intersect our detectors.

This passive reception imposes three fundamental limitations on astrophysical mea-
surement:

1. The Temporal Constraint (The Past Light Cone): As illustrated in Figure 1, the
finite speed of light strictly confines our observations to relativistic past-history.
We never observe the universe as it is right now; we observe a severely delayed,
temporally smeared projection. A galaxy observed at a redshift of z = 6 is not
just distant; it is an epochal fossil. Furthermore, because human timescales are
infinitesimal compared to cosmic timescales (e.g., a galactic rotation period of ∼
200 Myr), we almost never observe real-time dynamical evolution. We are forced to
study static snapshots of dynamic processes.

2. The Spatial Constraint (2D Projection): We are locked into a single, highly lo-
calized observational vantage point (the Earth and the immediate Solar System).
Consequently, we do not perceive the 3D distribution of matter directly. Instead,
we observe a collapsed, 2D projection of the universe onto the celestial sphere. As
demonstrated in Figure 2, this introduces profound geometric ambiguities, such
as projection effects (where physically unassociated objects appear superimposed)
and the inherent difficulty in breaking the degeneracy between an object’s intrinsic
luminosity and its physical distance.
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Figure 1: A visualization of the Temporal and Spatial Constraints. Because the speed
of light is finite, astronomers are strictly confined to observing events that intersect the
surface of our past light cone. The vast majority of the concurrent universe remains
causally disconnected and unobservable.
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Figure 2: The spatial constraint: 2D projection. We cannot directly observe the radial
depth or intrinsic properties of objects. Distinct physical objects collapse onto the same
coordinate in our 2D view, introducing two profound physical ambiguities. Ambiguity 1
(Luminosity Degeneracy): Are we seeing one bright-distant object, or one faint-near
object? Ambiguity 2 (Superposition): Distinct objects existing on the exact same
line of sight appear identical and collapse into a single dot.
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3. The Statistical Constraint (Cosmic Variance): Unlike standard experimental physics
where uncertainty is reduced by repeating experiments, cosmology is restricted to
a sample size of one. Because we cannot re-initialize the universe with different
starting parameters, we suffer from an absolute lack of independent macroscopic
samples. At the largest observable scales, this creates a fundamental and insur-
mountable statistical uncertainty known as cosmic variance (illustrated in Figure
3). Even with perfect instrumentation, our statistical confidence in cosmological
parameters is permanently limited by the fact that we can only measure the specific
realization of the universe we happen to inhabit.

Our Observable Universe

Earth

Small Scales:
Millions of independent volumes.

We can compute averages and
easily beat down statistical noise.

(N ≫ 1)

Largest Scales (Horizon):
Only ONE independent vol-

ume fits inside our limits.
We cannot average

out the fluctuations.
(N = 1 → Cosmic Variance)

Figure 3: Visualizing Cosmic Variance. At smaller scales (orange boxes), our observable
universe contains millions of independent statistical samples (e.g., galaxies, clusters), al-
lowing for precise statistical averages. However, as we attempt to measure the largest
cosmological scales (red dashed circle), the feature size approaches the boundary of the
observable universe itself. This fundamental lack of independent samples leaves us with
a sample size of N = 1, permanently limiting our statistical certainty.

1.2 Overcoming Time: Statistical Ensembles as Snapshots
One of the most profound limitations of observational astronomy is the stark mismatch be-
tween human and cosmic timescales. A star like our Sun lives for roughly 10 billion years,
while a typical astronomer’s career spans perhaps 50. Because we cannot observe a single
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star, galaxy, or planetary system evolve over its lifetime, we must find a mathematical
workaround to deduce time-dependent processes from static observations.

To solve this, observational astronomy heavily relies on studying massive statistical
ensembles, essentially trading time for numbers. This approach is conceptually rooted in
an analogue of the ergodic hypothesis from statistical mechanics.

Formal Concept: The Ergodic Hypothesis Analogy
In statistical mechanics, the ergodic hypothesis dictates that for a system in macro-
scopic equilibrium, the time average of a single system’s physical property f is
exactly equal to the ensemble average of a vast number of identical systems mea-
sured at a single instantaneous moment:

⟨f⟩time = ⟨f⟩ensemble (1)

In astrophysics, because we cannot perform the required time average (e.g., tracking
a single solar-mass star for 10 billion years), we mathematically substitute it with the
ensemble average (taking a single spatial snapshot of millions of stars simultaneously).

The Forest Analogy. Consider a biologist who has never seen a tree and is given
only one day to understand a forest’s entire life cycle. They cannot sit and watch a
single seed grow into a giant oak. However, by walking through the forest and taking
a “snapshot” of the current population, they will simultaneously observe seeds, young
saplings, mature trees, and decaying logs. By analyzing the statistical distribution of
these different developmental stages within that single day, the biologist can successfully
reconstruct the complete chronological life cycle of the species.

In astrophysics, we apply this exact logic. Instead of watching one star age, we observe
millions of stars at different stages of their lives simultaneously.
The Perfect Laboratory: Globular Clusters. The ultimate observational manifes-
tation of this concept is the study of globular clusters. A globular cluster is a dense,
spherical collection of up to a million stars. From an experimental standpoint, they are
the perfect natural laboratories because they effectively isolate a single physical variable:
mass.

Because all the stars in a specific globular cluster formed simultaneously from the
same giant molecular cloud, we can safely assume they all share:

• The same age.

• The same initial chemical composition (metallicity).

• The same distance from Earth (meaning their relative apparent brightness directly
scales with their true intrinsic luminosity).

Since age, composition, and distance are held constant, the only independent vari-
able governing the evolutionary differences between these stars is their initial mass. By
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measuring the color and brightness of thousands of stars in a single cluster and plotting
them on a Hertzsprung-Russell (H-R) diagram, we do not see a random scatter of points.
Instead, we see highly distinct, structured pathways: the Main Sequence, the Turn-off
point, the Red Giant Branch, and the White Dwarf cooling sequence.

The spatial and statistical distribution of these stars on the H-R diagram provides a
direct, empirical map of stellar evolution. By observing these massive statistical ensem-
bles, we successfully deduce the time-dependent physical laws governing the universe from
a single, static snapshot.

1.3 The Mathematical Reality: The Ill-Posed Inverse Problem
As established in the previous sections, our absolute inability to physically manipulate
targets (the passive paradigm) and our restriction to a single vantage point (the 2D spatial
projection) force observational astronomy into a highly specific mathematical framework.
The challenge of astronomical measurement is formally defined as an ill-posed Inverse
Problem.

In experimental physics, the scientist defines the boundary conditions. This is a For-
ward Problem: you know the true 3D physical state vector θ (e.g., temperature, density,
chemical composition, geometry) and use the laws of physics (the forward operator F) to
predict the observable data D:

D = F(θ) (2)
In observational astronomy, the flow of information is strictly reversed. We receive

a severely degraded, 2D projection of radiation D (an image, a spectrum, or a time
series) and must mathematically invert the operator to reconstruct the latent 3D physical
variables θ:

θ = F−1(D) (3)

Violating Hadamard’s Criteria. For a mathematical problem to be “well-posed”
(solvable and physically meaningful), it must satisfy Hadamard’s three criteria: a solu-
tion must exist, the solution must be unique, and the solution’s behavior must change
continuously with the initial conditions. Astronomical inverse problems routinely violate
the latter two:

• Loss of Uniqueness (Degeneracy): Because information is irrevocably lost
through the 3D-to-2D projection and instrumental blurring (the Point Spread Func-
tion, or PSF), multiple vastly different physical states θ can produce the exact same
observational data D.

• Instability to Noise: Astronomical data is always contaminated by statistical
noise (e.g., Poisson photon noise). In an ill-posed inverse problem, a microscopic
fluctuation in the data D can result in mathematically valid, but physically absurd,
wild oscillations in the reconstructed parameters θ.

A Classic Example: Deprojection. Consider the problem of determining the true
3D volume emissivity j(r) of a spherically symmetric planetary nebula or galaxy cluster
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from its observed 2D surface brightness profile I(R) on the sky. The observed data is an
integral of the emission along the line of sight. Inverting this requires an Abel transform:

j(r) = − 1
π

∫ ∞

r

dI/dR√
R2 − r2

dR (4)

Because this inversion requires taking the spatial derivative of the observed data (dI/dR),
any tiny observational noise in I(R) is massively amplified. This makes direct analytical
inversion physically useless without heavy statistical regularization.
The Bayesian Imperative. To solve these degenerate, unstable problems, modern
astronomy is intrinsically Bayesian. We completely abandon the idea of determining a
single “true” value for a physical parameter. Instead, we map its posterior probability
distribution P (θ|D):

P (θ|D) = P (D|θ)P (θ)
P (D) (5)

Here, the observational data only provides the likelihood P (D|θ). Without the prior phys-
ical knowledge P (θ)—derived from theoretical astrophysics—to constrain the answers, the
observational data alone remains fundamentally ambiguous.

While observational astronomy is largely restricted to solving these passive inverse
problems, modern astrophysics relies on crucial experimental exceptions that provide the
robust, empirical priors P (θ) required to solve the Bayesian equations. In situ explo-
ration (such as the direct sampling of the lunar surface, atmospheric mass spectrometers
dropped into Jupiter or Titan, Martian rovers, and the laboratory isotopic analysis of
meteorites) offers absolute ground-truths for local physical models. These localized, ex-
perimental measurements are vital; they physically calibrate our understanding of solar
system formation and allow us to break the mathematical degeneracies inherent in our
remote observations of distant exoplanetary disks.

2 The Observational Chain and Information Carriers
An observation is not a discrete event, but a continuous physical process through which an
observer acquires information about a target. In astrophysics, this process must be math-
ematically modeled as a sequential chain of convolutions and filters, where the original
signal is progressively modified (and often degraded) before it is finally recorded.

This irreversible flow of information follows a strict physical pathway:

Target → Information Carrier → Propagation Medium →
Observation Instrument → Astronomical Data → Observer
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2.1 The Multimessenger Paradigm: Physics of Information Car-
riers

For information to traverse the cosmic void, a physical agent must transport it. Histori-
cally, astronomy was exclusively tied to light. Today, the era of multimessenger astronomy
relies on four distinct physical carriers to construct a complete, panchromatic view of the
universe.

While a subsequent module in this course will rigorously detail the radiative trans-
fer and quantum detection mechanics of these carriers, we establish their foundational
properties here:

1. Electromagnetic Radiation (Photons): The primary carrier for the vast ma-
jority of astronomical data. Photons are quantized spin-1 bosons. Because their
arrival times follow Bose-Einstein statistics (which asymptotically reduce to Pois-
son statistics in the optical/UV regimes), the fundamental limit of our observations
is always governed by Poisson shot noise (

√
N).

2. Neutrinos: Neutral, near-massless fermions produced in weak nuclear interactions.
Because their interaction cross-section with baryonic matter is vanishingly small
(σ ∼ 10−44 cm2 at solar energies), they escape the ultra-dense cores of stars and
supernovae perfectly unscattered, providing a real-time probe of nuclear engines.

3. Cosmic Rays: Relativistic massive particles (protons, electrons, heavy nuclei).
Unlike photons or neutrinos, they are charged. Therefore, their trajectories are
heavily deflected by galactic magnetic fields, meaning they do not point directly
back to their sources unless they possess ultra-high energies (> 1019 eV).

4. Gravitational Waves: Coherent perturbations in the metric tensor gµν of space-
time itself (spin-2), generated by the bulk acceleration of asymmetric mass distri-
butions, such as merging black holes.

2.2 The Propagation Medium: Signal Degradation
As the information carrier travels from the target to the telescope, it must pass through
intervening matter. This propagation medium acts as a physical filter, irrevocably altering
the latent data. We divide this medium into two primary regimes:
The Interstellar Medium (ISM): Even in the high vacuum of space, microscopic
silicate and carbonaceous dust grains interact with traversing photons. This causes inter-
stellar extinction (the overall dimming of the target) and interstellar reddening. Because
scattering efficiency is highly wavelength-dependent (scaling roughly as λ−1 for typical
Mie-like dust grains, rather than the steeper λ−4 Rayleigh scattering seen in gases), blue
light is scattered out of the line of sight much more efficiently than red light, fundamentally
altering the observed spectrum of the target.
The Earth’s Atmosphere: For ground-based observational astronomy, the Earth’s
atmosphere is the most severe obstacle to data integrity. It degrades the signal in three
distinct ways:
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• Atmospheric Extinction: The atmosphere physically absorbs and scatters incoming
photons (here, Rayleigh scattering dominates the blue end). The degree of dimming
is strictly dependent on the amount of air the light passes through, governed by
Bouguer’s law: m = m0 + kX, where X is the airmass (approximated by the secant
of the zenith angle) and k is the local extinction coefficient.

• Seeing (Atmospheric Turbulence): Microscopic temperature fluctuations in the at-
mosphere cause rapid variations in the air’s refractive index. This turbulent mix-
ing breaks incoming, perfectly planar wavefronts of light into corrugated, chaotic
shapes, severely blurring the image and ruining the telescope’s theoretical angular
resolution.

• Transmission Windows: The atmosphere is not uniformly transparent. Molecules
like H2O, CO2, and O3 are completely opaque to specific frequencies. Consequently,
the atmosphere completely blocks X-rays, Gamma-rays, most Ultraviolet, and large
swaths of Infrared light. Ground-based astronomy is strictly limited to the “Optical
Window” and the “Radio Window”. To observe outside these regimes, we are forced
to launch telescopes into space.

3 Data vs. Information: The Extraction of Physical
Meaning

In observational astrophysics, we must rigorously distinguish between the raw numerical
outputs of our instruments and the physical reality of the universe. The transition from
the former to the latter is the primary occupation of the observational astronomer.

3.1 The Epistemological Distinction
At a fundamental level, telescopes do not measure physics; they count discrete events.

Data constitutes the raw, uncalibrated numerical syntax registered by the detector.
For a modern CCD or CMOS sensor, data is simply a matrix of Analog-to-Digital Units
(ADUs) assigned to specific (x, y) pixel coordinates.

A single isolated data point (for instance, a photometric reading of 4,500 ADUs in a
specific pixel) possesses zero intrinsic physical meaning. It cannot tell you the tempera-
ture, mass, or distance of a star.

Information, conversely, is the semantic physical meaning extracted from an or-
ganized, calibrated ensemble of data. Information is achieved only when raw data is
processed through two sequential filters:

1. Instrumental Calibration (Reduction): Removing the artificial signatures of
the telescope, the detector, and the Earth’s atmosphere (e.g., bias subtraction, flat-
fielding, and atmospheric extinction correction).

2. Physical Modeling: Fitting the calibrated data against theoretical astrophysical
models to estimate the latent parameters of the source.
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3.2 Case Study: Time-Domain Photometry
To illustrate this mathematical leap, consider the time-domain observation of a star.
When viewed collectively, a time-series of individual photometric data points (a light
curve) transforms from a meaningless list of photon counts into profound high-level in-
formation (see Figure 4).

If we observe a periodic, U-shaped dip in the normalized flux of a main-sequence star,
we can model a transiting exoplanet.

The raw data is just a table of timestamps and ADU counts. The information extracted
is the physical geometry of an alien solar system.

Stellar Disk (R∗)

Orbital Path

Rp

Time (t)

Normalized Flux (F )

F = 1.0

∆F

Figure 4: From Data to Information: Time-Domain Photometry. The uncalibrated, noisy
photon counts over time (black dots) represent raw data. By processing this through a
physical transit model yielding system geometry (solid green curve), we extract high-level
semantic information, linking the geometric transit depth ∆F directly to the planetary
radius ratio.

Assuming the planet is completely opaque and the star has a uniform surface bright-
ness, the depth of the transit directly yields the ratio of the planetary radius Rp to the
stellar radius R∗:

∆F

F
=

(
Rp

R∗

)2
(6)

Furthermore, by measuring the orbital period P (the time between consecutive tran-
sits) from the data, we can apply Kepler’s Third Law to extract the semi-major axis a
of the planet’s orbit. From mere photon counts (data), we have successfully extracted
planetary radii and orbital dynamics (information).
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4 Astronomy as an Engine for Technological Devel-
opment

Researchers must be prepared to articulate the socio-economic value of astronomy to fund-
ing agencies and the public. Why invest billions of dollars in Extremely Large Telescopes
when there are pressing terrestrial crises?

The answer lies in the deeply coupled feedback loop between basic and applied science.
As established in the previous sections, astronomy is constrained by the passive paradigm:
we cannot manipulate our targets, we suffer from severe signal degradation through the
propagation medium, and we are forced to solve unstable inverse problems. To overcome
these extreme physical limits, astronomers are forced to invent applied technologies and
mathematical frameworks that routinely revolutionize modern human society.

• Overcoming the photon-starved regime (CCDs and medical imaging): Be-
cause we are restricted to the passive reception of light from causally disconnected
sources, astronomical targets are incredibly faint. To maximize the Signal-to-Noise
Ratio (SNR) and defeat Poisson shot noise, astronomers demanded detectors with
near 100% quantum efficiency and zero read noise. In the 1970s and 80s, the as-
tronomical community heavily funded solid-state physicists to perfect the Charge-
Coupled Device (CCD). As a practical application, the precise silicon manufacturing
techniques and cryogenic read-out electronics developed to count individual cosmic
photons directly enabled the creation of low-dose digital mammography, modern
medical endoscopes, and the highly efficient CMOS cameras found in every modern
smartphone.

• Solving the inverse problem (Interferometry and tomography): As dis-
cussed earlier, extracting physical information from a 2D projection is an ill-posed
inverse problem. A single optical or radio dish cannot resolve the nuclei of distant
galaxies due to the diffraction limit. To bypass this, radio astronomers developed
Aperture Synthesis. The mathematical foundation for this is the van Cittert-Zernike
theorem, which proves that the complex visibility V (u, v) measured by two antennas
is the 2D Fourier Transform of the source’s brightness distribution I(l, m) on the
sky:

V (u, v) =
∫∫

I(l, m)e−2πi(ul+vm)dldm (7)

Astronomers developed complex algorithms (such as CLEAN) to perform this in-
verse Fourier transform on highly incomplete data sets. Practically applied, this
exact mathematical architecture (reconstructing a latent 2D or 3D image from a
series of 1D projections or Fourier slices) is the software engine behind all Magnetic
Resonance Imaging (MRI) and X-ray CT scans used in hospitals globally today.

• Defeating the propagation medium (Adaptive optics and ophthalmology):
We established that the Earth’s atmospheric turbulence (seeing) severely degrades
incoming wavefronts. To defeat this propagation medium, astronomers and military
engineers developed Adaptive Optics. By firing a laser guide star into the sodium
layer of the mesosphere, we measure the wavefront distortion in real-time and rapidly

AST-B09 | Course Notes | L01 | Rogério Monteiro-Oliveira, Ph.D. 12



deform a flexible secondary mirror to perfectly cancel out the atmospheric blurring.
This exact technology has been miniaturized for clinical medicine. By treating the
vitreous humor of the human eye as a turbulent propagation medium, ophthalmolo-
gists use astronomical Adaptive Optics to take real-time, diffraction-limited images
of individual photoreceptor cells on the living human retina. This allows for the
cellular-level early diagnosis of macular degeneration before blindness occurs.

• The spatial constraint (Quasars and the Global Positioning System): Be-
cause we observe from a moving, rotating platform (the Earth), we require an in-
credibly precise, absolute coordinate framework against which localized positions
can be calibrated. This framework is the International Celestial Reference Frame
(ICRF). It is mathematically constructed using Very Long Baseline Interferometry
(VLBI) observations of hundreds of ultra-distant, stationary quasars. Every time
a smartphone uses the GPS network to navigate a car, its terrestrial position is
ultimately anchored by the physics of supermassive black holes at the edge of the
observable universe.

• Extracting information from noise (Big data and Wi-Fi): Astronomical data
pipelines are notoriously noisy. In the 1990s, radio astronomer John O’Sullivan was
attempting to detect the faint radio signatures of exploding mini black holes. To
clean the cosmic radio signals from multipath interference (where signals bounce off
objects and arrive at different times), he and his team developed a complex algorithm
utilizing Fast Fourier Transforms (FFTs). This specific astronomical signal-cleaning
algorithm became the foundational, patented technology for the 802.11 Wi-Fi stan-
dard. Furthermore, the massive data pipelines built to process Petabytes of imaging
for astronomical surveys (like the SDSS and the Vera Rubin Observatory) heavily
drive modern developments in distributed spatial database management and the
global Python open-source ecosystem.

5 The Computational Laboratory: Simulations and
Mock Observations

As established before, astronomy is inherently constrained by the paradigm of passive
reception. Because we cannot actively manipulate stars or galaxies, and because we are
restricted to temporal snapshots, traditional experimental physics is impossible. However,
the advent of high-performance computing has provided astrophysics with a substitute:
the computational laboratory.

Solving the Forward Problem. If observational astronomy is the mathematical strug-
gle to solve the ill-posed Inverse Problem (θ = F−1(D)), computational astrophysics is
the domain of the Forward Problem (D = F(θ)).

In a supercomputer, the astronomer reclaims the role of the active experimentalist.
We define the initial 3D physical state vector θ (e.g., the primordial density fluctuations
of dark matter, the equations of state for baryonic gas, and the laws of magnetohydrody-
namics) and allow the system to evolve forward in time.
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These simulations take various forms depending on the necessary physics:

• N-body Simulations: Computing the gravitational interactions of dark matter
particles to study the formation of the large-scale cosmic web and dark matter
halos.

• Hydrodynamical Simulations: Incorporating baryonic physics, such as gas cool-
ing, star formation, and feedback from supernovae and Active Galactic Nuclei
(AGN), to model the visible evolution of galaxies (e.g., the Illustris or EAGLE
projects).

• Radiative Transfer (RT): Tracing the path of millions of simulated photon pack-
ets as they scatter, absorb, and re-emit through interstellar dust geometries, mim-
icking the propagation medium.

Closing the Loop: Mock Observations. For computational simulations to have any
value to observational astronomy, we must be able to directly compare them to telescope
data. However, comparing a pristine, simulated 3D density grid directly to a noisy, 2D
projected CCD image is mathematically invalid.

To bridge this gap, observational pipelines heavily utilize mock observations. We
take the physical output of a simulation and pass it through a “virtual telescope”. We
mathematically apply the exact observational chain discussed in Section 2:

1. We project the 3D data onto a 2D plane (mimicking the spatial constraint).

2. We apply interstellar extinction and reddening.

3. We convolve the image with the telescope’s Point Spread Function (PSF) and at-
mospheric seeing.

4. We inject realistic Poisson shot noise and instrumental read noise.

By degrading our pristine simulations to match the exact instrumental specifications
of our real observatories, we can compare “apples to apples”.

Providing the Bayesian Priors. Ultimately, computational simulations are what make
the modern observational pipeline function. In the Bayesian framework required to invert
observational data, we need highly accurate physical priors P (θ).

Simulations provide these priors. By generating millions of mock observations across
a vast grid of initial parameters, we train our statistical models and Machine Learning
algorithms to recognize the underlying physics behind noisy, degraded telescope data. In
the era of Petabyte-scale surveys like the Vera Rubin Observatory (LSST), the conver-
gence of massive observational data and massive computational simulations represents
the bleeding edge of modern e-Science.
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