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Rules of engagement: ask urgent questions/remarks/pointing out mistakes, but please 
postpone other questions to discussion 

References 
● GR/cosmology: Dodelson 
● Physical Cosmology and astroparticle: Kolb-Turner, Hooper 
● Dark matter: Bertone (a bit dated), Profumo (also dated but v2 coming soon; author is 
great!) 
● Cirelli+review: 2406.01705 

Lecture 1: Evidence and Properties of the Dark Matter 

1. The physics of evidences for dark matter (local+global) 
2. Quantitative aspects of observational properties of dark matter as a microscopic 

constituent: collisionless, dark, non-relativistic, stable.  
3. Theoretical and numerical predictions for the phase-space structure of halos, the matter 

power spectrum, the halo mass function, subhalos, small-scale cutoff 

Lecture 2: Dark Matter Theories 

1. Dark matter theories and dark matter production: general considerations 
2. Thermal decoupling 
3. Non-thermal production 
4. SUSY and simplified models 
5. Sterile neutrinos 
6. Axions 

Lecture 3: Dark Matter Detection 

1. Dark matter detection and “anomalies” 
2. Direct detection: computational structure and rates 
3. Low dark matter mass searches and associated issues 
4. Indirect detection: messengers, computational structure, and rates 
5. Collider searches: general structure, example of production cross sections, estimate of 
signal reach 
Schematics of axion detection and constraints 

Lecture 4: Beyond the Particle Dark Matter Paradigm 

1. Dark matter as black holes (BH) or macroscopic objects 
2. BH evaporation, BH explosions, Degrees of freedom and gravitational wave emission, 

dark matter and baryon asymmetry production  
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3. Planck relics: why to expect they may be stable; why they are likely not charged; how 
they can be produced 

4. Microlensing 
5. Dynamical limits and tidal effects 
6. Accretion 

Beautiful Papers


Pedro Vieira, Perimeter Institute for Theoretical Physics, Waterloo, Canada & ICTP South 
American Institute for Fundamental Research, IFT-UNESP, São Paulo, Brasil 

The following beatiful papers will be discussed: 

E. Witten, ``Baryons in the 1/n Expansion,’’  
Nucl. Phys. B 160 (1979), 57-115, 
doi:10.1016/0550-3213(79)90232-3; 

S. R. Coleman and F. De Luccia, ``Gravitational Effects on and of Vacuum Decay,'' 
Phys. Rev. D 21 (1980), 3305, 
doi:10.1103/PhysRevD.21.3305; 

E. Brezin and V. A. Kazakov, ``Exactly Solvable Field Theories of Closed Strings,'' 
Phys. Lett. B 236 (1990), 144-150, 
doi:10.1016/0370-2693(90)90818-Q 

An Open Systems Approach to Cosmology


Enrico Pajer, University of Cambridge, Cambridge, UK 

Overview: Modern cosmological models and observational predictions rely heavily on the 
quantum field theory framework developed for particle physics. Cosmology, however, 
presents qualitatively new challenges. Many of its fundamental components—such as the 
inflaton sector, dark matter, and dark energy—possess poorly constrained macroscopic 
properties and, in some cases, entirely unknown microphysics. As a result, cosmological 
systems generically exhibit dissipation, stochastic fluctuations, out-of-equilibrium dynamics, 
and effectively non-unitary evolution at the macroscopic level. Since gravity couples 
universally to all forms of matter, a closed-system description of cosmology would require a 
complete microscopic account of all cosmic constituents, which is only feasible in highly 
idealized toy models. An open-system approach provides a natural and systematic 
framework to address these challenges. These lectures introduce students to open quantum 
system techniques and their application to cosmology and gravitation. 

Lecture 1: Density Matrices and the Operator Formalism 

The first lecture introduces the foundational concepts of open quantum systems in the 
operator language. The emphasis is on understanding how effective dissipative dynamics 
emerge when unobserved degrees of freedom are integrated out. 

• Density matrices and the distinction between pure and mixed states 
• Entanglement, coarse graining, and the origin of entropy in open systems 
• Quantum master equations and effective non-unitary evolution 
• The Lindblad equation and Markovian dynamics 
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• Completely positive and trace-preserving (CPTP) maps and their physical interpretation 

Lecture 2: Path Integrals and the Schwinger–Keldysh Formalism 

This lecture develops the path-integral description of open quantum systems using the 
closed time contour. The equivalence between operator and path-integral approaches is 
emphasized, together with the structural constraints imposed by unitarity and symmetries at 
high energies. 

• The Schwinger–Keldysh (in-in) formalism 
• Doubling of fields and the structure of the closed time path 
• In-in Feynman rules and perturbation theory for open systems, retarded, advanced and 
Keldysh propagators 
• Noise, dissipation, and influence functionals 
• Constraints from ultraviolet unitarity, locality, and symmetries 

Lecture 3: Open Gauge Theories and Cosmological Goldstone Modes 

This lecture focuses on general structural aspects of open quantum field theories, with 
particular emphasis on open gauge theories. 

• A systematic algorithm to count physical degrees of freedom in open theories 
• Constraints, gauge symmetries, and gauge identities in the advanced and retarded sectors 
• The open effective theory of the Nambu–Goldstone boson associated with broken time 
translations with aplications to inflationary cosmology 
• Implications for primordial perturbations and cosmological correlators in the presence of 
dissipation and noise 
• Gravity as an open system: 
	 - General formulation of an open theory of general relativity 
	 - Implications for late-time cosmology, dark energy, and the propagation of gravitational 
	   waves through a dark-sector medium 

An Introduction to Holography

Alberto Zaffaroni, University of Milan Bicocca, Milan, Italy 

Lecture 1: Conformal Symmetry and AdS Geometry 

Explores the fundamental properties of conformal field theories and the geometry of Anti-de-
sitter space  

Lecture 2: The Holographic Dictionary 

Establishes the fundamental rule equating bulk gravity partition functions to boundary 
generating functionals. 

Lecture 3: Breaking Symmetry,  Confinement, Entanglement Entropy  

Deforming away from the conformal case. 

Lecture 4: Finite Temperature and Black Holes 

Introduces AdS black holes to study the thermodynamics of strongly coupled 
boundary CFTs.
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