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Goals of Lecture 09

This session moves beyond the traditional electromagnetic bottleneck to explore the
interconnected physics, instrumentation, and frontiers of Multi-Messenger Astron-
omy. Furthermore, we examine the massive infrastructural shifts driving the next
generation of astronomical discoveries. The core themes include:

• The fundamental physics of non-photonic messengers, detailing the generation,
propagation, and physical limits (such as the GZK cutoff) of gravitational
waves, high-energy neutrinos, and cosmic rays.

• The unconventional instrumentation required to capture these signals, includ-
ing advanced laser interferometers, cubic-kilometer ice-Cherenkov arrays, and
hybrid air-shower observatories.

• Recent multi-messenger breakthroughs that are reshaping our view of the high-
energy Universe, from the stochastic gravitational wave background to extra-
galactic neutrino sources and cosmic ray anisotropies.

• The transition into the mega-facility era, highlighting how Extremely Large
Telescopes (ELTs), space observatories (JWST, Roman), and massive time-
domain surveys (Rubin, SKA) overcome traditional observational limits.

• The strategic leadership of the Brazilian astronomical community within this
global landscape, emphasizing vital contributions to international surveys, ra-
dio intensity mapping, and exascale data hubs like J-PAS, BINGO, CTA, and
LIneA.
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1 Introduction to the Multi-Messenger Era
For centuries, observational astronomy was entirely synonymous with the collection of
electromagnetic (EM) radiation. From Galileo’s optical refractor to modern radio inter-
ferometers and space-based X-ray observatories, our understanding of the Universe relied
almost exclusively on photons. However, photons suffer from fundamental physical limita-
tions as cosmic messengers: they interact strongly with matter and background radiation
fields. Consequently, they are easily absorbed, scattered, or re-thermalized. When ob-
serving a core-collapse supernova or the dense accretion disk of an active galactic nucleus,
photons typically reveal only the optically thin “surface” of the event. Furthermore, at
the extreme energy frontier, the Universe becomes largely opaque to high-energy gamma
rays due to pair-production interactions with the Cosmic Microwave Background (CMB).

To overcome these observational bottlenecks, modern astrophysics has entered a trans-
formative paradigm: multi-messenger astronomy. This discipline relies on the simul-
taneous or coordinated observation of four distinct cosmic messengers, each governed by
fundamentally different physical interactions:

• Photons (EM Waves): Probe electromagnetic interactions, atomic/molecular
transitions, and the thermodynamics of optically thin environments.

• Gravitational Waves (GWs): Probe the coherent bulk motion of macroscopic
masses and the dynamic curvature of spacetime itself. Because spacetime is ex-
tremely stiff, GWs propagate through the Universe completely unattenuated by
intervening dust or dense matter.

• Neutrinos: Interacting only via the weak nuclear force and gravity, these practi-
cally massless leptons escape directly from the densest, most opaque astrophysical
engines (like collapsing stellar cores), carrying pristine information about deep-core
hadronic processes.

• Cosmic Rays (CRs): High-energy charged particles (protons and heavier nuclei)
that trace the most extreme magnetic fields and violent particle acceleration mech-
anisms (e.g., relativistic shocks and jets) in the cosmos.

The true power of this era lies not just in detecting these non-photonic signals indepen-
dently, but in their synthesis. The coincident detection of multiple messengers from a
single transient event provides a comprehensive physical picture that is vastly greater
than the sum of its parts. It allows astronomers to link macroscopic spacetime dynamics
directly to microscopic nucleosynthesis and particle acceleration.

2 Gravitational Waves
Gravitational waves (GWs) are transverse ripples in the fabric of spacetime, predicted
by Albert Einstein in 1916 as a consequence of general relativity. Unlike electromagnetic
(EM) waves, which are oscillations of the electromagnetic field propagating through space-
time, GWs are oscillations of spacetime itself. Because spacetime interacts very weakly
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with matter, GWs travel across the Universe virtually unabsorbed, carrying pristine in-
formation about the most violent, macroscopic mass dynamics in the cosmos.

The Importance of Integrating GWs with the EM Spectrum: To fully grasp the
multi-messenger paradigm, one must recognize that observing the Universe solely through
the electromagnetic spectrum is fundamentally incomplete. For centuries, astronomy
was effectively “deaf” to the gravitational Universe. If the EM spectrum provides the
“sight” of astronomy, capturing the thermodynamics, chemistry, and optically thin surface
properties of celestial bodies, then GWs represent its “hearing”, allowing us to probe the
dense, opaque, and violent central engines driving these phenomena. While EM waves are
easily blocked by dust or trapped by high optical depths, GWs pass through these barriers
unhindered. Furthermore, adding GWs to the well-known EM spectrum fundamentally
expands our astrophysical toolkit, allowing us to directly detect and map the “dark”
sectors of the cosmos, such as merging binary black holes, which emit absolutely no EM
radiation.

2.1 Basic Physics: The Metric Perturbation and Polarizations
To understand the generation of GWs, we start with the Einstein Field Equations:

Gµν = 8πG

c4 Tµν (1)

In the weak-field limit, spacetime is modeled as a flat Minkowski metric ηµν plus a small
metric perturbation hµν :

gµν ≈ ηµν + hµν , |hµν | ≪ 1 (2)
Applying the transverse-traceless (TT) gauge, the vacuum field equations reduce to a
standard wave equation propagating at the speed of light c. GWs possess two distinct
polarization states, designated as “plus” (h+) and “cross” (h×). They physically manifest
themselves as time-dependent strains, h = δL/L, where L is the distance between two
free-falling reference points. A passing GW will alternately stretch and squeeze space in
orthogonal directions, as illustrated in Figure 1.

The amplitude of a GW generated by a localized source is governed by the second time-
derivative of the mass distribution, given by the quadrupole formula:

hT T
ij (t, r) = 2G

rc4 ÏT T
ij (t − r/c) (3)

where Iij is the reduced quadrupole moment tensor. Because spacetime is incredibly
stiff (dictated by the immense c4/G factor), detectable strains (h ∼ 10−21) require mas-
sive, asymmetric, and rapidly accelerating objects, such as coalescing binary black holes
(BBHs) or binary neutron stars (BNSs).

2.2 Detectors: Current Network and Physical Limitations
To measure a strain of h ∼ 10−21 over a baseline of L = 4 km (the size of LIGO), the
detector must be sensitive to displacements δL ∼ 4 × 10−18 m (about one ten-thousandth
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Plus Polarization (+)

Cross Polarization (×)

Figure 1: The effect of a passing gravitational wave on a ring of freely falling test masses.
The wave propagates perpendicular to the page. The + and × polarizations are rotated
by 45◦ relative to one another.

the diameter of a proton). The primary method for achieving this in the audio-frequency
band (10 Hz - 10 kHz) relies on highly advanced laser interferometry. Modern observato-
ries are essentially modified Michelson interferometers equipped with Fabry-Pérot cavities
in the arms (Figure 2).

Operational and Under-Construction Observatories: Currently, the global effort
is spearheaded by a synchronized network of operational detectors known as the LVK
(LIGO-Virgo-KAGRA) collaboration. The operational network consists of:

• Advanced LIGO (USA): Two identical 4-km interferometers located far apart in
Hanford, Washington, and Livingston, Louisiana.

• Advanced Virgo (Italy): A 3-km interferometer situated near Pisa.

• KAGRA (Japan): A pioneering 3-km interferometer built deep underground in
the Kamioka mine (to reduce seismic noise) and utilizing cryogenic mirrors (to
reduce thermal noise).

• GEO600 (Germany): A smaller 600-meter facility near Hannover that, while less
sensitive, develops and tests crucial next-generation technologies like squeezed-light
quantum optics.

Operating these detectors as a global array is absolutely essential; much like having mul-
tiple ears, combining their data allows astronomers to triangulate the source’s origin on
the sky, a prerequisite for triggering EM telescope follow-ups. To vastly improve this tri-
angulation baseline, LIGO-India is currently under construction in the Hingoli district
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Figure 2: Simplified optical layout of an Advanced GW interferometer. The Input Test
Masses (ITM) and End Test Masses (ETM) form a Fabry-Pérot cavity, trapping light to
increase the effective arm length from 4 km to nearly 1,200 km.

of Maharashtra, India. Expected to begin operations by the end of the decade, it will
utilize an identical 4-km design to the US LIGOs and drastically shrink the localization
error boxes on the sky.

Physical Limitations: Despite these marvels of engineering, terrestrial detectors do not
have uniform sensitivity across all frequencies. Instead, they are restricted to a specific
observation window, roughly between 10 Hz and 10 kHz, due to fundamental physical
barriers at both the very low and very high ends of the spectrum. The interplay of these
limits defines the detector’s operational range. The primary noise sources include:

1. The Low-Frequency Barrier (< 10 Hz): Newtonian and Seismic Noise. At
the lowest frequencies, detectors are overwhelmed by the active environment of the
Earth. While physical vibrations from the ground (seismic noise) can be heavily
mitigated by sophisticated multi-stage suspension pendulums, Newtonian gravity
gradient noise creates an insurmountable physical wall. Local density fluctuations
in the Earth’s crust (from seismic waves) and the atmosphere (from passing clouds
or pressure changes) exert direct, fluctuating gravitational tugs on the suspended
test masses. Because gravity cannot be shielded, ground-based detectors are funda-
mentally blind to signals below ∼ 10 Hz.

2. The Optimal Mid-Frequency Range (10 − 100 Hz): Thermal Noise. In this
intermediate band, the detectors reach their maximum sensitivity (the "sweet spot"
for observing stellar-mass binary mergers). Here, the primary limitation is thermal
noise. Even at room temperature, the random Brownian motion of atoms within
the highly reflective mirror coatings and the fused-silica suspension fibers induces
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microscopic physical fluctuations in the test masses, creating a baseline static that
masks the faintest GW signals.

3. The High-Frequency Limit (> 100 Hz) and the Standard Quantum Limit
(SQL). At higher frequencies, the precision of the interferometer is governed by
Heisenberg’s Uncertainty Principle applied to the laser light itself. The discrete,
Poisson-distributed arrival of photons at the photodiode creates a statistical un-
certainty known as Quantum Shot Noise, which severely degrades high-frequency
sensitivity. Pumping more laser power into the arms reduces this shot noise, but
it proportionally increases Quantum Radiation Pressure Noise at lower frequencies,
as the sheer momentum of the photons physically kicks the 40 kg mirrors. State-
of-the-art detectors mitigate this fundamental quantum trade-off using “frequency-
dependent squeezed vacuum states,” a profound application of quantum optics.

2.3 What GWs Have Taught Us So Far?
By analyzing the specific morphology of the GW waveform, which cleanly divides into
the inspiral, merger, and ringdown phases (see Figure 3), astronomers can extract an ex-
traordinary amount of physical information. Each phase of the waveform encodes distinct
parameters:

• The Inspiral (The “Chirp”): As the compact objects orbit one another, they
emit GWs and lose orbital energy, causing them to spiral inward. This manifests in
the waveform as a “chirp”, a simultaneous, deterministic increase in both frequency
and amplitude over time. The precise rate of this frequency evolution strictly dic-
tates the chirp mass (M) of the binary. In systems involving neutron stars, the
very late inspiral also encodes the tidal deformability, as mutual gravitational tugs
physically distort the stars and subtly accelerate the orbital phase evolution.

• The Merger: The absolute peak of the strain h(t) marks the violent coalescence of
the binary into a single, highly perturbed remnant. This phase represents the most
extreme gravitational environment in the Universe and can only be modeled using
the non-linear equations of Numerical Relativity.

• The Ringdown: The newly formed, violently distorted black hole must quickly
settle into a stable, spherical state. It achieves this by radiating its asymmetries
away as an exponentially damped sinusoid, effectively “ringing” like a struck bell.
The frequencies and damping times of these quasinormal modes provide a direct
test of the fundamental “no-hair theorem”. This theorem posits that a stationary
black hole is perfectly and completely described by just three observable parameters:
mass, spin (angular momentum), and electric charge (with astrophysical black holes
assumed to be neutral). Thus, all complex “hair” (information about the original
shape, matter, or composition of the merging objects) is permanently lost behind
the event horizon. If this theorem is strictly true, the measured ringdown frequencies
must be mathematically dictated exclusively by the newly formed black hole’s final
mass and spin. Any deviation from these exact predictions would imply the black
hole retains additional, unknown properties (“hair”), which would fundamentally
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violate Einstein’s Theory of General Relativity.

Time

Strain h(t)

Inspiral MergerRingdown

Measures Chirp Mass (M)
& Tidal Deformability

Tests the No-Hair
Theorem (Quasinormal Modes)

Figure 3: A stylized Inspiral-Merger-Ringdown (IMR) gravitational waveform. During
the inspiral, the frequency and amplitude increase (a “chirp”). The signal peaks at the
merger, and the newly formed black hole sheds its asymmetries through an exponentially
decaying “ringdown” phase.

Since the first detection of a binary black hole merger (GW150914), the LVK collab-
oration has published catalogs containing nearly 100 compact binary coalescences. By
extracting the parameters outlined above, these detections have fundamentally updated
our astrophysical knowledge:

• The Black Hole Mass Gap: Prior to GW detections, stellar evolution models
predicted a “pair-instability mass gap” between ∼ 50M⊙ and ∼ 120M⊙ where black
holes should not form. However, events like GW190521 involved a primary black
hole of ∼ 85M⊙, forcing theorists to invoke hierarchical mergers (black holes merging
multiple times in dense clusters) or rethink late-stage stellar collapse.

• The Neutron Star Equation of State (EoS): The historic binary neutron star
merger GW170817 allowed physicists to measure the “tidal deformability” (Λ)
of neutron stars during the late inspiral. The small measured value of Λ ruled
out “stiff” equations of state, proving that neutron stars are highly compact (radii
≈ 11 − 12 km).

• Testing General Relativity (GR): GWs allow us to test GR in the highly dy-
namical, strong-field regime. By measuring the quasinormal modes of the ringdown
phase, physicists test the no-hair theorem of black holes. Furthermore, tracking the
propagation of GW170817 and its simultaneous gamma-ray burst constrained the
speed of gravitational waves to equal the speed of light to within 1 part in 1015,
instantly ruling out a wide swath of modified gravity theories.

• Cosmology and the Hubble Constant: GW sources are “standard sirens.” Be-
cause the waveform’s amplitude evolution depends directly on the masses and the
luminosity distance (dL), GWs provide a measurement of dL entirely independent
of the cosmic distance ladder.
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2.4 Future Horizons: A Roadmap for the 2020s and 2030s
The gravitational wave spectrum is as vast as the electromagnetic spectrum. Crucially,
the frequency of a gravitational wave is fundamentally dictated by the physical size and
mass of its source. Because compact objects merge when they are separated by roughly
their own radii, heavier binaries (which are physically larger) merge at greater distances
and slower orbital speeds, producing low-frequency waves. Conversely, lighter, smaller
binaries merge at much higher velocities, emitting high-frequency waves.

Therefore, investing billions of dollars in highly precise, multi-band detector technologies
is not just about obtaining a clearer signal from known sources; it is the only way to
unlock entirely new, invisible populations of the Universe. Just as optical, radio, and
X-ray telescopes reveal different physical processes, different GW frequency bands reveal
different mass scales of the cosmos:

• Next-Generation (3G) Ground Facilities (The Audio Band, 1 − 104 Hz):
High frequencies correspond to “lightweight” stellar-mass objects (∼ 1 − 100M⊙).
To push the boundaries of this band, the Einstein Telescope (ET) in Europe (a 10
km, triangular underground detector designed to bypass surface Newtonian noise)
and Cosmic Explorer (CE) in the US (a 40 km surface detector) are planned for the
2030s. The investment here yields cosmological reach: these 3G detectors will be so
sensitive they will detect virtually every stellar-mass BBH merger in the observable
universe, mapping the entire history of star formation and death.

• Space-Based Interferometry (The mHz Band): Lower frequencies require
much longer detector arms to measure. The Laser Interferometer Space Antenna
(LISA), an ESA-led mission slated for the late 2030s, will target the millihertz
regime. Consisting of three spacecraft in a 2.5 million km equilateral triangle trailing
the Earth, LISA will observe the inspiral of supermassive black holes (104 −107M⊙)
at galactic centers. This will teach us how galaxies assemble and grow over cosmic
time, and allow us to map spacetime geometry with exquisite precision through
extreme mass-ratio inspirals (EMRIs).

• Pulsar Timing Arrays (The nHz Band): At the extreme low-frequency end are
the ultramassive black hole binaries (108 − 1010M⊙) that take decades to complete
a single orbit. Pulsar Timing Arrays (PTAs) probe this nanohertz band by using
the galaxy itself as a detector, monitoring arrays of millisecond pulsars. A passing
background GW alters the times of arrival of radio pulses at Earth. By searching
for a specific spatial correlation in these arrival time delays (the Hellings-Downs
curve), collaborations like NANOGrav have recently reported strong evidence for a
stochastic GW background, the unresolved chorus of millions of supermassive black
hole binaries merging throughout cosmic history.

3 Neutrinos
Neutrinos are elementary, nearly massless particles belonging to the lepton family of the
Standard Model. Unlike photons or charged cosmic rays, neutrinos interact with matter
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exclusively via the weak nuclear force and gravity.

The Importance of Neutrinos as Cosmic Messengers: The very property that
makes neutrinos incredibly difficult to detect (their infinitesimally small interaction cross-
section) makes them the ultimate astrophysical probes. In the highest-energy environ-
ments of the Universe, such as the cores of collapsing stars, the accretion disks of Active
Galactic Nuclei (AGN), or the dense regions of starburst galaxies, the environment is com-
pletely opaque to photons. Gamma rays produced in these regions are annihilated via
pair production (γγ → e+e−) before escaping. Furthermore, ultra-high-energy charged
cosmic rays (UHECRs) are deflected by intergalactic magnetic fields, completely losing
their directional information. Neutrinos suffer from neither of these limitations. They
escape the densest environments unimpeded and travel in perfectly straight lines across
cosmological distances, pointing directly back to the Universe’s most extreme particle
accelerators.

3.1 Basic Physics: Production and Flavor Oscillation
In the Standard Model of particle physics, neutrinos come in three distinct “flavors”, each
corresponding to a specific charged lepton partner: the electron neutrino (νe), the muon
neutrino (νµ), and the tau neutrino (ντ ).

To detect a high-energy astrophysical neutrino is to definitively prove the presence of
hadronic (proton) acceleration. While high-energy gamma rays can be produced by either
electrons (via Inverse Compton scattering) or protons, neutrinos are produced exclusively
through hadronic interactions.

When ultra-relativistic protons (p) accelerated by astrophysical shocks collide with am-
bient gas (protons) or ambient radiation fields (photons), they produce pions (π):

p + p −→ π±, π0 + X (pp interactions) (4)
p + γ −→ ∆+ −→ n + π+ (pγ interactions) (5)

The neutral pions decay into gamma rays (π0 → γγ), while the charged pions decay into
muons and neutrinos:

π+ −→ µ+ + νµ −→ e+ + νe + ν̄µ + νµ (6)

This standard decay chain produces neutrinos at the source with a fundamental flavor
ratio of (νe : νµ : ντ ) ≈ (1 : 2 : 0).

However, because neutrinos possess a tiny but non-zero mass, they exhibit a profound
quantum mechanical behavior known as flavor oscillation. In the Standard Model,
the “flavor” eigenstates (νe, νµ, ντ ) that govern how neutrinos interact are not perfectly
aligned with the “mass” eigenstates (ν1, ν2, ν3) that govern how they propagate through
free space.

When a neutrino is created in a specific flavor state (e.g., a νµ from a charged pion decay),
it is actually born as a quantum superposition of the three distinct mass states. As this su-
perposition travels through space, the slight differences in mass (∆m2) cause the quantum
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phases of each mass state to evolve at slightly different rates. This differential phase evo-
lution continuously shifts the internal interference pattern of the particle. Consequently, a
neutrino that begins its journey strictly as a muon neutrino develops a changing, periodic
probability of being measured as an electron or tau neutrino later on. This mixing is
described mathematically by the PMNS (Pontecorvo-Maki-Nakagawa-Sakata) matrix.

Because the distances to extragalactic astrophysical sources are vastly larger than the
neutrino oscillation length scales (typically hundreds to thousands of kilometers), these
quantum phases completely average out over the journey. Therefore, the initial (1 : 2 : 0)
flavor ratio produced at the cosmic accelerator fully mixes, arriving at Earth as an equally
partitioned, “democratic” distribution with an expected observed ratio of approximately
(1 : 1 : 1).

3.2 Detectors: Cherenkov Radiation and Event Topologies
The interaction cross-section of a neutrino with a nucleon scales with energy, but remains
exceptionally small (σ ∼ 10−38 cm2 at GeV energies, rising to ∼ 10−34 cm2 at PeV ener-
gies). To achieve a realistic detection rate, astronomers must instrument immense target
volumes, on the scale of cubic kilometers.

When a high-energy neutrino does interact with a nucleus in water or ice (via a Weak
interaction exchange of a W ± or Z0 boson), it transfers its immense energy to a resulting
charged lepton (e, µ, or τ). Because this secondary particle travels faster than the phase
velocity of light in that medium (c/n), it emits a shockwave of faint blue light known as
Cherenkov radiation in a forward-directed cone. The opening angle θc of this cone is
mathematically defined by:

cos θc = 1
βn

≈ 1
n

(7)

where n is the refractive index of the medium (n ≈ 1.31 for Antarctic ice) and β = v/c
represents the particle’s velocity as a fraction of the speed of light in a vacuum.

Because astrophysical neutrinos strike the ice with such extreme energies (often in the
TeV to PeV range), the secondary leptons they produce are highly ultra-relativistic. Their
speed v is so astonishingly close to c that we can safely approximate their velocity frac-
tion as β ≈ 1. This simplifies the equation immensely, yielding a constant, predictable
Cherenkov opening angle of θc ≈ 41◦. This specific geometry allows astronomers to re-
construct the original neutrino’s trajectory by analyzing exactly when and where the cone
of light hits the array of underground sensors.

Detectors like the IceCube Neutrino Observatory use thousands of Photomultiplier Tubes
(PMTs) buried deep in the Antarctic ice to capture this faint blue light. The capability
to do astronomy relies entirely on distinguishing the morphology of these light patterns
(see Figure 4):

1. Tracks (Muon Neutrinos): A Charged Current (CC) interaction of a νµ produces
a muon. Because muons are highly penetrating, they can travel for kilometers
through the ice, leaving a long, straight track of activated PMTs. Tracks provide
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Track Topology (νµ → µ)
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Cascade Topology (νe → e / NC)
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Figure 4: The two primary event topologies in a Cherenkov neutrino telescope. Left: A
muon neutrino undergoes a Charged Current (CC) interaction, producing a muon that
travels kilometers through the ice, leaving a straight “track” of light. Right: An electron
neutrino produces an electron that immediately showers, creating a localized “cascade”
or spherical blob of light.

excellent angular resolution (≲ 1◦), making them the primary tool for identifying
point sources.

2. Cascades (Electron/Tau Neutrinos & NC): A CC interaction of a νe pro-
duces an electron, which immediately loses energy via bremsstrahlung, creating an
electromagnetic shower. This manifests as a localized, spherical blob of light (a
cascade). Cascades deposit all their energy within the detector, yielding excellent
energy resolution (∼ 15%), but poor angular resolution (∼ 15◦).

3.3 State of the Art: The High-Energy Extragalactic Flux
In 2013, the IceCube observatory announced the breakthrough discovery of a diffuse
astrophysical flux of high-energy neutrinos in the 10 TeV to 10 PeV range. Crucially,
the arrival directions of these events are highly isotropic, they do not cluster along the
Galactic Plane. This provides definitive proof that the vast majority of the high-energy
neutrino flux is extragalactic in origin.

Since this initial discovery, the race has been on to identify the specific point sources
driving this diffuse flux. Recent multi-messenger campaigns have yielded historic associ-
ations:

• Blazars as Transients (TXS 0506+056): In 2017, IceCube detected a 290 TeV
track-like event (IceCube-170922A). A rapid alert to the multi-messenger network
revealed that this neutrino arrived from the exact spatial location of a known blazar
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(TXS 0506+056) that was simultaneously undergoing a massive gamma-ray flare
(detected by Fermi-LAT and MAGIC). This marked the first compelling evidence
that the relativistic jets of supermassive black holes accelerate protons to EeV en-
ergies.

• Seyfert Galaxies as Steady Sources (NGC 1068): While TXS is a highly
beamed, flaring source, recent 10-year time-integrated analyses of IceCube data
revealed a 4.2σ excess of neutrinos emanating from NGC 1068, a nearby, dusty,
starburst-AGN hybrid (a Seyfert II galaxy). Current models suggest these neutrinos
are produced in the dense, X-ray-bright corona surrounding the accretion disk, where
intense photon fields trap and interact with accelerated protons before they can
escape.

• Cosmic-Ray Reservoirs: Beyond individual AGN, galaxy clusters and starburst
galaxies are being probed as “calorimetric” environments. In these regions, mag-
netic fields trap lower-energy cosmic rays for millions of years, guaranteeing they
eventually collide with ambient gas to produce a steady flux of neutrinos.

3.4 Future Horizons: Volume and Geography
The current limitation of neutrino astronomy is statistics; the events are simply too rare.
The next generation of observatories relies on expanding the target volume and shifting
geographical locations:

• IceCube-Gen2: A massive expansion of the South Pole array is planned, increasing
the optical instrumented volume by a factor of 8. Furthermore, Gen2 will include
a vast surface radio array. At extreme energies (> 100 PeV), neutrino showers emit
coherent radio pulses (the Askaryan effect). Radio waves travel much further in ice
than light, allowing astronomers to effectively monitor hundreds of cubic kilometers
of ice for ultra-high-energy (GZK) neutrinos.

• KM3NeT: Currently under construction at the bottom of the Mediterranean Sea,
this water-Cherenkov detector will provide a crucial complementary view to Ice-
Cube. Because the Earth is used as a filter to block atmospheric muons, a North-
ern Hemisphere detector like KM3NeT is optimized to look downward through the
Earth, providing an unobstructed, high-resolution view of the Galactic Center and
the southern sky.

4 Cosmic Rays
Cosmic rays (CRs) are a non-thermal population of highly energetic, charged subatomic
particles, primarily protons (∼ 89%), alpha particles (∼ 10%), and heavier atomic nuclei
(∼ 1%), that pervade the Universe and continuously bombard the Earth. Traveling at
macroscopic fractions of the speed of light, these particles represent the most energetic
pieces of matter in the known Universe, boasting energies millions of times greater than
those achievable by the Large Hadron Collider (LHC).
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Unlike photons, gravitational waves, or neutrinos, cosmic rays are electrically charged.
Consequently, their trajectories are constantly bent and scrambled by galactic and inter-
galactic magnetic fields. This loss of directional information makes identifying their exact
astrophysical origins one of the most enduring mysteries in modern astrophysics.

4.1 Basic Physics: Acceleration and The Energy Spectrum
The intensity of CRs is roughly ∼ 104 m−2 s−1 sr−1 above 1 GeV. The differential energy
spectrum falls precipitously over more than ten orders of magnitude in energy, strictly
following a non-thermal power-law dependence:

dN

dE
∝ E−γ (8)

The underlying mechanism responsible for this power-law distribution is First-Order
Fermi Acceleration (or Diffusive Shock Acceleration). When particles repeatedly cross
the shock front of an expanding supernova remnant (SNR) or a relativistic AGN jet, they
gain a fractional amount of energy (∆E/E ∼ vshock/c) per crossing. The competition
between the energy gain per cycle and the probability of the particle escaping the shock
region naturally yields a power-law spectrum with an injection index of γinj ≈ 2.0. Energy-
dependent propagation effects in the turbulent galactic magnetic field steepen the observed
spectrum to γobs ≈ 2.7.

Because the raw flux of cosmic rays drops precipitously, by roughly 32 orders of mag-
nitude between GeV and ZeV energies, plotting the raw differential spectrum (dN/dE)
against energy yields a steep, practically featureless diagonal line. To identify subtle de-
viations from this power-law, physicists multiply the flux by a scaling factor of E2.7 or E3.
This mathematical transformation effectively “flattens” the baseline spectrum, acting as
a visual magnifying glass. Once the overwhelming downward trend is removed, highly
specific spectral breaks suddenly emerge in high contrast. These breaks are critical phys-
ical markers, as they indicate transitions in maximum accelerator limits or shifts between
distinct particle populations (Figure 5).

• The “Knee” (∼ 3 PeV): The spectrum steepens from γ ∼ 2.7 to ∼ 3.0. This
is generally understood as the maximum energy (Emax) achievable by standard
Galactic accelerators (like supernova remnants). Because acceleration limits depend
on magnetic rigidity (R = pc/Ze), heavier nuclei (with higher charge Z, like Iron)
can be accelerated to higher total energies than protons. The knee marks the energy
where protons begin to "leak" out of the galaxy.

• The “Second Knee” (∼ 100 PeV): A further steepening to γ ∼ 3.3, likely
marking the rigidity-dependent drop-off of the heaviest galactic elements (like Iron,
Z = 26).

• The “Ankle” (∼ 3 EeV): The spectrum hardens (flattens) back to γ ∼ 2.5. This
universally signifies the transition from a diminishing Galactic cosmic ray population
to a dominant, highly energetic Extragalactic population (from AGN or starburst
galaxies).
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Figure 5: A stylized representation of the Cosmic Ray energy spectrum, scaled by E2.7

to highlight the spectral breaks. The steepening at the "knee" marks the maximum
acceleration energy of Galactic sources, while the flattening at the "ankle" indicates the
takeover of an extragalactic population.

A fundamental physical limit dictates the maximum distance ultra-high-energy cosmic
rays (UHECRs) can travel through the Universe: the GZK (Greisen-Zatsepin-Kuzmin)
cutoff.

At energies above E ≈ 5 × 1019 eV, the universe becomes opaque to protons. In the
rest frame of such an ultra-relativistic proton, the ubiquitous, low-energy photons of the
Cosmic Microwave Background (CMB) appear heavily blueshifted into the gamma-ray
regime. The energy is sufficient to excite the proton into a Delta baryon resonance (∆+),
which immediately decays into a nucleon and a pion:

p + γCMB −→ ∆+ −→ p + π0 or n + π+ (9)

This inelastic photopion production saps roughly 20% of the proton’s energy per collision.
Consequently, the mean free path for UHECRs is limited to roughly 50 Megaparsecs.
Any proton observed at Earth with an energy > 50 EeV must originate from a local
extragalactic neighborhood, preventing astronomers from seeing UHECRs from the early,
distant universe.

4.2 Detection Techniques and Major Observatories
Direct observations via particle physics detectors (trackers/calorimeters) on high-altitude
balloons or satellites are only realistic below ∼ 100 TeV. Above these energies, the flux is
so low (less than one particle per square meter per year at the knee) that satellites lack
the necessary collecting area. To probe higher energies, astronomers utilize the Earth’s
atmosphere itself as a giant calorimeter, detecting Extensive Air Showers (EAS) (Figure
6). When a primary cosmic ray strikes an atmospheric nucleus (nitrogen or oxygen) at
high altitudes, it initiates a massive cascading avalanche of secondary particles.

The shower consists of three main components:
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Figure 6: Schematic of an Extensive Air Shower (EAS). The primary interaction produces
a hadronic core, which feeds an electromagnetic shower (via π0 decay) and a deeply
penetrating muonic shower (via π± decay). Hybrid observatories monitor the shower
footprint on the ground and the atmospheric fluorescence from the side.

1. Hadronic Core: The primary interaction produces pions (π), kaons (K), and
nucleons, which continue interacting down the atmospheric column.

2. Electromagnetic Component: Neutral pions decay almost instantly into gamma
rays (π0 → γγ), which initiate massive electromagnetic cascades via pair production
(γ → e+e−) and bremsstrahlung.

3. Muonic Component: Charged pions decay into muons and neutrinos (π± →
µ± + ν). Because muons interact very weakly and have a longer relativistic lifetime,
they easily penetrate to the ground.

To study these showers, modern observatories utilize hybrid detection techniques:

• Surface Detector (SD) Arrays: Grids of water Cherenkov tanks or scintillator
panels spread over vast areas. They sample the lateral density distribution of the
shower as it hits the ground, operating 24/7.

• Fluorescence Detectors (FD): Optical telescopes that operate on clear, moonless
nights to observe the faint ultraviolet glow of atmospheric nitrogen molecules excited
by the passing particle shower. FDs directly determine the depth of maximum
shower development, Xmax (in g/cm2), which is highly sensitive to primary mass.

• Radio Detectors (RD): Emerging techniques utilizing vast antenna arrays to
measure the coherent, nanosecond-scale radio pulses (in the MHz-GHz range) emit-
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ted by the electromagnetic cascade as it interacts with the Earth’s magnetic field.

4.3 Current and Future Observatories
Several massive observatories around the globe currently employ these detection tech-
niques to scan the sky:

• Pierre Auger Observatory (Argentina): The world’s largest cosmic ray detec-
tor, covering 3, 000 km2. It is currently operating in its AugerPrime phase, hav-
ing integrated scintillator panels, underground muon detectors, and radio antennas
alongside its water Cherenkov tanks to significantly enhance mass-composition sen-
sitivity.

• Telescope Array (TA) (Utah, USA): The largest observatory in the Northern
Hemisphere. It recently expanded via the TAx4 upgrade, quadrupling its surface
area to deeply probe northern sky anisotropies.

• Large High Altitude Air Shower Observatory (LHAASO) (China): Lo-
cated at 4,410 meters above sea level, this colossal hybrid array combines water
Cherenkov, muon, and scintillator detectors with wide-field telescopes to definitively
probe the "knee" region and perform ultra-high-energy gamma-ray astronomy.

• IceTop (Antarctica): An array of ice-Cherenkov tanks located directly above
the IceCube neutrino observatory at the South Pole, enabling unique, coincident
measurements of air showers on the surface and highly energetic muons deep in the
ice.

To push beyond current limitations, resolve the mass-composition tension, and definitively
pinpoint UHECR sources, scientists are designing next-generation observatories utilizing
novel methods and massive scaling:

• GRAND (Giant Radio Array for Neutrino Detection): A proposed radio
observatory (with prototypes currently operating in China, Argentina, and France)
aiming to deploy autonomous antennas over an unprecedented ∼ 200, 000 km2. It
will detect highly inclined air showers generated by UHECRs and Earth-skimming
tau neutrinos.

• IceCube-Gen2 Surface Array: An upcoming massive expansion at the South
Pole that will augment the existing deep-ice array with a sprawling surface network
of scintillators and radio antennas.

• POEMMA (Probe Of Extreme Multi-Messenger Astrophysics): A planned
space-based mission featuring twin satellites designed to observe atmospheric flu-
orescence and Cherenkov signals from orbit, effectively turning the entire visible
atmosphere into a multi-messenger detector volume.

• GCOS (Global Cosmic Ray Observatory): A conceptual, worldwide effort aim-
ing to build an unprecedentedly large ground array to drastically increase UHECR
event statistics at the absolute highest energies.
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4.4 The UHECR Origin Mystery: Breakthroughs and Tension
Ascertaining the exact origin of UHECRs remains an extraordinary challenge. The mag-
netic deflection of a charged particle with energy E and charge Z in a magnetic field B is
proportional to Z/E. Therefore, lower-energy cosmic rays arrive completely isotropized.
However, at extreme energies (E > 1019 eV), particles are “stiff” enough to resist signifi-
cant deflection, potentially pointing back to their sources. By employing the vast hybrid
networks mentioned above, astronomers are making historic breakthroughs in observing
these anisotropies:

• The Extragalactic Dipole: Using its 3, 000 km2 array in Argentina, the Pierre
Auger Observatory definitively measured a large-scale dipole anisotropy in the
arrival directions of cosmic rays above 8 EeV. The flux is ∼ 6.5% higher in a direction
completely distinct from the Galactic Center, providing the first conclusive proof
that the highest-energy cosmic rays are extragalactic.

• Source Correlations: At even higher extreme energies (> 38 EeV), Auger data
shows a 4σ statistical excess of events originating from the region centered on Cen-
taurus A, a nearby, radio-loud active galaxy.

• The Northern Hot Spot: Operating in Utah, the Telescope Array (TA) re-
ported a localized excess of events (a “hot spot”) with energies above 57 EeV in the
northern sky, near the Ursa Major supercluster.

• The Composition Tension: Despite these directional hints, the mystery is deep-
ened by mass composition measurements. Auger’s Xmax measurements indicate that
at the absolute highest energies, the cosmic ray composition becomes heavier (trend-
ing toward medium or heavy nuclei like Iron, rather than pure protons). Because
heavier nuclei have higher electric charge, they experience much greater magnetic
deflection, heavily smearing the "images" of the cosmic accelerators. Resolving this
tension requires the unified multi-messenger approach: observing the undeflected
neutrinos and gamma-rays born simultaneously with these ultra-high-energy cos-
mic rays.
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5 Large Projects: The Next Generation of Observa-
tories

For nearly three decades, telescopes spanning 8 to 10 meters have defined the vanguard
of optical and infrared astrophysics. However, answering the most profound questions of
our time requires a radical paradigm shift. Astronomers must pinpoint the exact onset
of the Epoch of Reionization (z > 10). They must untangle the chemical and kinematic
assembly history of the Milky Way. They must also detect unambiguous biosignatures
in the atmospheres of terrestrial exoplanets. To achieve these monumental goals, we are
now entering the era of colossal observatories.

This transition goes well beyond a simple scaling of older designs. It is a necessary evolu-
tion forced by the strict physical limits of the Universe. Peering deeper into the early cos-
mos means battling the inescapable reality of photon starvation. In this extreme regime,
very faint sources at high redshift yield only a few photons per hour. Achieving sharper
vision requires overcoming the confusion limit in densely packed stellar fields along with
the unforgiving Rayleigh diffraction limit (θ = 1.22λ/D). Astronomers want to isolate the
faint reflected light of an exoplanet similar to Earth located mere fractions of an arcsecond
from a blinding star. They also need to capture the pristine and unblended spectra of
the very first galaxies. Shattering these traditional barriers demands engineering on an
unprecedented scale. This massive effort merges highly segmented mirror architectures
with extreme real time wavefront correction and advanced supercomputing. Ultimately,
these machines transform our grandest philosophical questions into observable empirical
science.

5.1 Ground-Based Extremely Large Telescopes (ELTs)
For point-source observations in the background-limited, diffraction-limited regime (achieved
via Adaptive Optics), the signal-to-noise ratio scales dramatically as D4, where D is the
telescope diameter. Therefore, a 30-meter telescope is not merely three times more power-
ful than a 10-meter telescope, but nearly 80 times more efficient for specific high-resolution
science cases. Because monolithic mirrors cannot physically exceed ∼ 8.4 meters without
succumbing to gravitational deformation and thermal inertia, the ELT generation relies
entirely on segmented architectures. These are inextricably linked with Extreme Adap-
tive Optics (XAO), Multi-Conjugate Adaptive Optics (MCAO), and artificial Laser Guide
Stars (LGS) to correct atmospheric phase aberrations in the troposphere and the sodium
layer (∼ 90 km) hundreds of times per second, striving for a near-perfect Strehl ratio.

• Extremely Large Telescope (ELT): Currently under construction by ESO on
Cerro Armazones in the Atacama Desert, this behemoth utilizes a highly com-
plex five-mirror optical design. The 39.3-meter primary mirror (M1) consists of
798 actively controlled hexagonal segments, each constantly aligned via edge sen-
sors to nanometer precision. Crucially, the ELT features a massive, 2.4-meter de-
formable quaternary mirror (M4) equipped with over 5,000 voice-coil actuators to
provide integral AO correction directly within the telescope’s optical train. With
first-generation instruments like MICADO (operating from 0.8 to 2.4 µm) and the
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HARMONI integral field spectrograph, the ELT will resolve the kinematics of ultra-
faint dwarf galaxies, detect Population III stars in the early universe, and achieve
high-dispersion coronagraphy to directly image rocky exoplanets in the Habitable
Zone.

• Thirty Meter Telescope (TMT): Planned for the Northern Hemisphere, the
TMT features a 30-meter primary mirror composed of 492 segments. Its loca-
tion uniquely positions it to provide crucial northern-sky synergy with the ELT
and ALMA. It utilizes the Narrow-Field Infrared Adaptive Optics System (NFI-
RAOS) to feed its premier instrument, IRIS (Infrared Imaging Spectrometer). This
combination will provide diffraction-limited integral field spectroscopy, probing the
co-evolution of supermassive black holes and the stellar kinematics of their host
galaxies at cosmic noon (z ∼ 2).

• Giant Magellan Telescope (GMT): Situated at Las Campanas Observatory,
Chile. Unlike the highly tessellated hexagonal segments of the ELT and TMT, the
GMT utilizes an aplanatic Gregorian off-axis design featuring seven massive 8.4-
meter circular mirrors (borosilicate honeycomb monoliths) to achieve a 24.5-meter
effective aperture. This specific architecture minimizes diffraction artifacts (such as
high-frequency speckles caused by segment gaps), making it exceptionally powerful
for high-contrast exoplanet imaging. To achieve its theoretical diffraction limit, the
seven segments must be perfectly co-phased to within a fraction of a wavelength us-
ing localized edge sensors and an Adaptive Secondary Mirror (ASM). Note: Brazil
(via FAPESP) is a founding partner of the GMT, ensuring deep involvement of the
Brazilian community in instrument development—such as the GMTNIRS spectro-
graph—and guaranteeing vital observing time.

5.2 Next-Generation Space Facilities
While ground-based telescopes offer massive collecting areas, space-based observatories
provide pristine, highly stable Point Spread Functions (PSFs) entirely free from atmo-
spheric turbulence, telluric absorption, and thermal background noise (< 50 K). These
are the paramount requirements for precision cosmology and deep infrared astronomy.

• James Webb Space Telescope (JWST): Operating in a dynamically unstable
halo orbit around the Sun-Earth L2 Lagrange point, JWST’s 6.5-meter segmented
beryllium mirror is redefining high-redshift astrophysics. Spanning 0.6 to 28.3 µm,
its instruments (NIRCam, NIRSpec, MIRI) utilize programmable microshutter ar-
rays to obtain simultaneous spectra of hundreds of Lyman-break galaxies. MIRI,
which requires an active cryocooler to maintain a temperature of 6 K, probes deeply
dust-enshrouded star formation. Furthermore, JWST is performing unprecedented
transmission spectroscopy on transiting exoplanets (e.g., the TRAPPIST-1 system),
identifying molecular biosignature gases (H2O, CO2, CH4) via transit depth varia-
tions at the parts-per-million (ppm) level.

• Nancy Grace Roman Space Telescope: Expected to launch in 2027, Roman
boasts a primary mirror identical to Hubble (2.4 meters) but coupled with a Wide
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Field Instrument (WFI) utilizing 18 state-of-the-art H4RG-10 infrared detectors.
This yields a field of view 100 times larger than Hubble’s. Roman is explicitly de-
signed to constrain the Dark Energy equation of state (w) through the High Latitude
Wide Area Survey, combining precisely calibrated weak gravitational lensing (mea-
suring cosmic shear) and Baryon Acoustic Oscillation (BAO) grism spectroscopy. Its
Coronagraph Instrument (CGI) will also pioneer active wavefront control in space,
utilizing dual deformable mirrors to correct amplitude and phase errors, achieving
contrast ratios of 10−9 for direct exoplanet imaging.

6 Large Surveys and Time-Domain Astronomy
Modern astronomy has firmly shifted from the traditional “pointed observation” paradigm
to the “survey” paradigm. By continuously mapping the entire sky and mining the result-
ing datasets, astrophysics has entered the era of multi-messenger time-domain astronomy
and exascale Big Data. Survey power is fundamentally quantified by its Etendue (AΩ),
the mathematical product of the telescope’s light-collecting area (A) and its field of view
(Ω).

6.1 The Vera C. Rubin Observatory (LSST)
Nearing completion on Cerro Pachón, Chile, the Rubin Observatory will execute the 10-
year Legacy Survey of Space and Time (LSST). Featuring a highly modified three-mirror
Paul-Baker optical design, its 8.4-meter primary/tertiary monolith yields an unprece-
dented etendue of ∼ 319 m2 deg2. It houses a 3.2 Gigapixel CCD camera capable of
capturing a massive 9.6-square-degree field of view with exceptionally low geometric dis-
tortion.

• The Cosmological Goal: Rubin will image the entire visible southern sky every
3 to 4 nights in six optical bands (ugrizy). It will map the spatial distribution
and weak lensing shear of over 20 billion galaxies, calculating highly constrained
photometric redshifts to trace the growth of cosmic structure and map the dark
matter halo distribution over cosmic time. Single visits will reach a depth of r ∼
24.5, while the 10-year co-added map will reach an astonishing r ∼ 27.5.

• The Time-Domain & Alert Challenge: The observatory will generate ∼ 20 Ter-
abytes of raw data nightly. Utilizing rapid Difference Image Analysis (DIA)—subtracting
a reference template from the new science image—Rubin will issue up to 10 mil-
lion alerts every night for transient phenomena (Type Ia supernovae, tidal disrup-
tion events, kilonovae, and Near-Earth Objects). Astoundingly, these alerts will be
broadcast with a latency of less than 60 seconds. The community relies entirely
on automated, machine-learning-driven alert brokers (e.g., ALeRCE, ANTARES,
Fink) to rapidly classify light curves, filter false positives, and trigger immediate
multi-wavelength follow-up.
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6.2 Square Kilometre Array (SKA)
The SKA represents the ultimate evolution of aperture synthesis and radio interferometry,
explicitly designed to probe the “Dark Ages” and the Epoch of Reionization (EoR). It
is divided across two continents to optimize spatial resolution (λ/B, where B is the
baseline) and frequency coverage. South Africa hosts SKA-Mid (utilizing 197 parabolic
dishes for 350 MHz to 15 GHz), while Australia hosts SKA-Low (deploying over 130,000
low-frequency dipole antennas for 50 to 350 MHz).

• Science Drivers: By mapping the faint 21 cm spin-flip hyperfine transition line of
neutral hydrogen (HI), SKA will measure the 3D power spectrum of HI brightness
temperature fluctuations (δTb) at z > 6. A major observational challenge is that
Galactic synchrotron foregrounds are nearly 104 times brighter than the EoR sig-
nal, requiring extreme precision in instrumental calibration and foreground removal
techniques. Additionally, SKA will conduct deep pulsar surveys to build highly
sensitive Pulsar Timing Arrays (PTAs), seeking to map the stochastic gravitational
wave background (SGWB) generated by merging supermassive black hole binaries.

• Computational Hurdle: The interferometric cross-correlation required to process
the raw voltage signals from millions of antennas over baselines up to 3,000 km will
demand exascale supercomputing pipelines. The Central Signal Processor must
handle raw data ingestion rates of hundreds of Terabits per second, rivaling the
global internet traffic.

6.3 Brazilian Leadership and Involvement in Mega-Surveys
The Brazilian astronomical community has secured a dominant leadership role in the
development and execution of sophisticated observational campaigns. By bridging the
gap between innovative multi-band photometry, massively multiplexed spectroscopy, pi-
oneering radio intensity mapping, and high-energy particle astrophysics, these extensive
international partnerships serve as premier tools for probing cosmology and galactic ar-
chaeology.

• J-PAS (Javalambre Physics of the Accelerating Universe Astrophysical
Survey): Operating from the 2.5m JST250 telescope in Teruel, Spain, this survey
utilizes an unprecedented system of 54 contiguous narrow optical filters (∆λ ∼
145 Å) paired with the 1.2 Gigapixel JPCam. By densely sampling the optical
spectrum, J-PAS effectively acts as a low resolution integral field spectrograph (R ∼
50) for every pixel in a massive field of view. This design resolves critical spectral
features like the 4000 Å break. This uniquely allows for highly precise photometric
redshifts (σz ≈ 0.003(1 + z)) for tens of millions of Luminous Red Galaxies (LRGs)
and Emission Line Galaxies (ELGs), creating a highly accurate 3D map optimized
to measure BAO scales and test modifications to General Relativity.

• S-PLUS (Southern Photometric Local Universe Survey): Driven exten-
sively by Brazilian institutions and operating from the T80-South robotic telescope
at Cerro Tololo, Chile, S-PLUS maps nearly 10,000 square degrees of the southern
sky. It utilizes a 12 band filter system containing the 5 SDSS broadband filters plus 7
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carefully selected narrow bands capturing key stellar features like the Balmer jump,
Hα, and the Calcium Triplet. This targeted filter set allows S-PLUS to instantly
identify extremely metal poor (EMP) stars in the Milky Way halo via chemical tag-
ging. It also determines precise stellar parameters (Teff, log g, [Fe/H]) without the
need for spectroscopy and provides immediate probabilistically weighted photomet-
ric classification for optical counterparts to gravitational wave events detected by
LIGO/Virgo/KAGRA.

• PFS (Prime Focus Spectrograph): Operating on the 8.2m Subaru Telescope in
Hawaii, PFS represents the next generation of massively multiplexed spectroscopy,
with Brazil acting as a major institutional partner. The instrument utilizes a mas-
sive robotic focal plane equipped with a Cobra motor system to position 2,400
individual optical fibers. Capturing simultaneous spectra across a wide 1.3 square
degree field of view, PFS covers a continuous wavelength range from the ultraviolet
to the near infrared (380 to 1260 nm). This powerful facility will conduct a massive
spectroscopic census to trace the dark matter distribution via weak lensing tomog-
raphy, measure BAO scales in the distant universe (0.8 < z < 2.4), and deeply
probe the chemical assembly of the Milky Way and Andromeda galaxies.

• BINGO (Baryon Acoustic Oscillations from Integrated Neutral Gas Ob-
servations): Constructed in the state of Paraíba, Brazil, BINGO is a pioneer-
ing radio telescope designed specifically to map the universe using 21 cm intensity
mapping. Unlike traditional galaxy surveys that resolve individual optical targets,
BINGO measures the large scale bulk emission of neutral hydrogen (HI) gas. Utiliz-
ing a unique crossed-Dragone optical design with two massive static mirrors (roughly
40 meters across) feeding an array of highly sensitive horn antennas, it operates in
the frequency range of 980 to 1220 MHz. BINGO aims to detect the BAO signal
in the relatively local universe (0.13 < z < 0.45) to provide entirely independent
constraints on the Dark Energy equation of state. Furthermore, its rapid sampling
rate makes it a powerful transient monitor for detecting Fast Radio Bursts (FRBs).

• CTA (Cherenkov Telescope Array): The CTA represents the global next gen-
eration ground based observatory for very high energy gamma ray astronomy. De-
ploying over 100 telescopes across La Palma in the Northern Hemisphere and Cerro
Paranal in the Southern Hemisphere, it will cover a massive energy range from 20
GeV to 300 TeV. The Brazilian community is heavily involved in the development
and structural engineering of the Small Sized Telescopes (SSTs). These massive
arrays of SSTs are specifically designed to capture the faint atmospheric Cherenkov
light generated by the most energetic particles in the Universe, allowing astronomers
to trace galactic PeVatrons, probe dark matter annihilation signatures, and study
the extreme environments around supermassive black holes.

• LLAMA (Large Latin American Millimeter Array): Located at an extreme
altitude of 4,820 meters in the Puna de Atacama of Argentina, LLAMA is a major
bilateral radio observatory funded jointly by Argentina and Brazil (via FAPESP).
The facility features a highly advanced 12 meter Cassegrain antenna equipped with
extremely sensitive cryogenic receivers operating in the millimeter and submillime-
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ter wavelengths. Operating both as an independent observatory and as part of a
Very Long Baseline Interferometry (VLBI) network in conjunction with ALMA,
LLAMA will achieve unprecedented angular resolution. This allows researchers to
deeply probe the molecular gas dynamics of star forming regions, study the complex
magnetic fields of the Sun, and map the accretion disks of active galactic nuclei.

• LIneA (Laboratório Interinstitucional de e-Astronomia): As modern astron-
omy transitions into the exascale Big Data regime, the sheer volume of information
requires dedicated computational infrastructure. LIneA serves as the central data
hub and software development powerhouse for the Brazilian astronomical commu-
nity. It hosts massive mirrors of international survey data (including DES, SDSS,
and soon Rubin LSST) and develops sophisticated Science Platforms. These dedi-
cated web portals allow researchers to execute complex database queries, run ma-
chine learning algorithms for transient classification, and perform cross-matching
of multi-wavelength catalogs directly on the server side, effectively eliminating the
impossible bottleneck of downloading petabytes of raw data to local machines.
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