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A, anthropic domain of, 14, 50

ab initio models, 300

AC measure. See Anderson-Castano measure

Active Galactic Nuclei, 181, 230

adiabatic expansion, 177

adiabatic perturbations, 360

advanced civilisations, 459

Affleck-Dine mechanism, 189

ALMA molecular mapping, 396

alpha clusters, 284

alpha decay, 304

amorphous carbon (AC), 466

Anderson-Castano measure (AC measure),

321–322

Andromeda galaxy, 486

Andromeda nebulae, 349

Andromeda VIII, 486

angles

Cabibbo, 314

CP, fine-tuning of, 309

electroweak mixing, 249

quark CKM matrix, 241, 514t

strong CP, 309

Weinberg, 241

anisotropy, 143–144

CMB, 112, 129, 131, 164

temperature, 123, 345

annihilation

cross section, 70, 183, 185, 354

dark matter cross section for, 354, 366, 367

of DM, 357

gamma rays and anti-matter, 180

nucleon-anti-nucleon, 180–181

p-wave, 356, 366

s-wave, 355, 366

of WIMPs, 367

anthropic principle (AP), 25, 60, 243. See also strong

anthropic principle; weak anthropic principle,

339–340, 488

constraints and, 20

cosmological constant fine-tuning and,

340

curvature and, 100–101

distribution of � and, 99–100

ensemble reasoning and, 102

fine-tuning and, 21, 309

fine-tuning types and, 28

interpretations of, 56–58

many universes and, 98

multiverse and, 100–102, 340

reasoning of, 13–16

string landscape and, 340

trivial, 77–78

vacuum and, 97–102

vacuum density and, 484

anti-baryons, 80, 187

anti-matter

cosmic rays and evidence of, 181

CP violation and, 8

detecting, 180

ISM lifetime of, 180

anti-nuclei, cosmic rays and, 181

anti-protons

cosmic rays and, 180

discovery of, 175

WIMP detection and, 369

antiquarks, 182

anti-stars, 180

AP. See anthropic principle

Archean era, 491

asteroid belts, 412

mass of, 425

orbits of objects in, 428

resonance locations and, 431

water snow line and, 422–423, 425

asteroid impacts

effects on inner Solar System, 428–436

effects on outer Solar System, 436–437
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asteroid impacts (cont.)

numerical simulations of, 426–428

super-Earths and, 434, 436

on terrestrial planets, 425–437

water and, 421

ASTrO mission, 475

atomic

cooling, 403

isotopes, formation sites of, 299

physics, 515–516

scale, 29

theory, 22

axial symmetry, 334

axions, 52, 93, 308, 309, 332, 338, 339, 351

background radiation density, galaxy

formation and, 49

BAO. See Baryon Acoustic Oscillations

Barbieri-Giudice criterion (BG), 320, 321

Bardeen potential, 132

baryogenesis, 188, 189

Baryon Acoustic Oscillations (BAO), 6, 11, 119

baryon asymmetry, 8, 80, 174–176, 307, 352

alternate universes with different, 195–199

BBN and, 195–196

cold thermal relics and, 352

CP violation and, 333

fine-tuning of, 174, 178–179

Hubble constant and, 193

large-scale structure and, 196–199

linear regime and changes in, 196–198

in matter-antimatter symmetric universe, 177

natural value of, 174

nonlinear regime and changes in, 198–199

nucleosynthesis and, 189–192

observable cosmological parameters,

and, 192–194

particle physics models for generating, 187–189

baryon density, 69, 87, 365

baryon fraction, 99, 102, 488

baryon mass, 3

baryon mass density parameter, 193

baryon number, 80

Big Bang and, 8

conservation of, 334

inflation and, 187

non-conservation, 175, 177, 179, 200

non-conservation of, 179

Sakharov conditions and, 187, 188

baryon-dark matter entropy perturbation,

216–217

baryon-only Universe, 361–364

baryons, 6, 11, 176, 187

cosmic, 106

decoupling and, 362

equations of state, 117

Jeans mass and, 361

means-free paths of, 362

Silk damping and, 216

baryon-to-dark matter ratio, 215

baryon-to-photon ratio. See photon-to-baryon ratio

Bayes’ theorem, 72

Bayesian approaches, 71–74, 136

beryllium, 256, 302

binding energies, 300

Hoyle state and, 273

lifetime of, 304

lithium production and, 276

photodissociation of, 277

production of, 42, 271–272

beyond standard model (BSM), 309, 328

BG. See Barbieri-Giudice criterion

Bianchi I model, 143

Bianchi identities, 114

BICEP/Keck data, 136

Biermann batteries, 391

Big Bang, 4, 5, 8, 24, 458

fine-tunings and evolution of Universe after, 54

fossil radiation from, 384

hot, 48, 111, 117, 120

large-number coincidence and, 79

multiple, 13

Pyramid of Complexity and, 55

standard, 49

Big Bang Nucleosynthesis. See nucleosynthesis

binding energies, 254–256, 292, 300

biochemical reactions, 446

biologically important molecules, 512

energy and, 530

fine-tuning and, 535

relativistic effects and, 530–532

scaling and, 529–532

biomass, 13

biophilic universes, 13

biosignatures, 458–460, 496

Birch-Murnagham EOS, 472

Birkoff’s theorem, 222

black holes, 4, 55, 393, 394

feeding, 405

mass of, 31

Q and, 50

scales of structure and, 29–31

supermassive, 400–407

astrophysics of, 404–405

feedback, 405–407

growth of, 402–403

radio jets and, 401–402

seed massive black holes and, 403–404

black-body radiation, 5, 98, 205

blue giants, 39

Bohr radius, 516, 520

Boltzmann

brain, 75

distributions, 366
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equation, 183, 354, 355, 364

factor, 354

Bondi accretion rate, 401, 402

Bonnor-Ebert mass, 389

Born-Oppenheimer approximation, 527, 532

Bose-Einstein condensates, 351

chemical potential and, 352

kinetic equilibrium and, 352

Bose-Einstein gases, 262

bosons

gauge, 244, 323, 327

NGB, 330, 334

pNGB, 330, 338

SUSY and, 328

vector, 245, 326

Z-boson, 371

Brownian motion, 468

BSM. See beyond standard model

bubble universes, 75

C violation, 187

Cabibbo angle, 314

Cabibbo-Kobayashi-Maskawa (CKM), 241, 316,

336, 514t

carbides, 464

carbohydrates, 512

carbon, 256

abundance, 276, 470

binding energies, 300

in circumstellar discs, 472

computation for modeling production of, 283–284

disc composition and, 467

graphitisation of, 472

life existence and, 35

nuclear constants and production of, 289–291

nuclear parameter sensitivity of production of,

286–288

population III star production of, 281–291

production of, 42, 271, 272

stellar evolution and production of, 288–289, 385

supernova explosion models and, 466

3α reaction and production of, 284–286

carbon planets, 466–474, 476

carbon-based life, 77, 81

carbon-enhanced metal-poor stars (CEMP stars),

463–476

Carter’s argument, 444–448

Casimir factors, 326

CBR. See cosmic background radiation

CEMP stars. See carbon-enhanced metal-poor stars

CEMP-no stars, 465–469

central molecular zone (CMZ), 395

C-grains, 466

Chandrasekhar mass, 32, 78

charge, 245

vacuum fluctuations and, 311

charged particles, WIMP detection and, 369

charge-parity problem (CP problem), 307

charginos, 372

charm quark, 315–316

CHeB. See core He burning

chemical elements, mass-energy density and, 346

chemical equilibrium, cold thermal relics and,

352–353

chemical modeling, for water formation, 479

chemical reactions, 258–260

chemistry, SAP and constraints from, 42–45

chiral

fermions, 328

limit, 251

symmetry, 317, 318

transformations, 337

chirality, 245

CP violation and, 333

fermions as eigenstates of, 244

chlorophyll, 530

circumgalactic medium, 401

circumstellar discs, 469

carbon in, 472

CKM. See Cabibbo-Kobayashi-Maskawa

cluster model

for binding energies, 255

MN force and, 300

CMB. See cosmic microwave background

CMZ. See central molecular zone

CNO

cycle, 271, 286, 288

nuclides, 191–192, 195, 268, 271–277, 281

CO snow line, 438–442

COBE. See COsmic Background Explorer

coincidence problem, 496

vacuum, 90

cold dark matter, 205, 364

cold thermal relics, 350–359

freeze-out, 354, 355

number density of, 354

WIMPs, 356

collisional damping, 362

collisionless Boltzmann equation, 364

colour, 244, 334

Coma cluster, 349

comets, life and, 438

compactified extra spatial dimensions, 60

complex molecules, 231

complexity

fluctuations and, 9–10

prerequisites for, 7–11

Pyramid of, 54

strong anthropic tunings and, 29

complexity principle, 25

anthropic principle as, 58

cosmology and, 54–56

Compton

cooling, 462
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Compton (cont.)

emission, 180

scattering, 120, 215

wavelength, 4, 31, 531

conformal invariance, 530

consciousness

quantum mechanical wave-function and, 57

Universe existence and, 57

conservation of energy, 92, 114, 162, 224–225, 407

constants, 3. See also physical constants; specific

topics, 511

fine-tuning of, 4

hydrogen atoms and, 521–522

hydrogen molecules and, 522

mass determination and, 29

meter dependence on, 517–518

primordial nucleosynthesis parameters and, 268

in standard models, 26, 513

water and variations of, 526–529

continuity equation, 209

convective stars, 40

Copenhagen interpretation, 82

core He burning (CHeB), 288–291

COROT mission, 486

CoRot mission, 475

COsmic Background Explorer (COBE), 112

normalisation for data from, 141

cosmic background radiation (CBR)

perturbation amplitude and, 364

temperature anisotropy of, 345

cosmic baryons. See baryons

cosmic coincidence, 90–91

cosmic expansion rate, 11, 24

cosmic horizons, 12, 17

cosmic inflation. See inflation

cosmic microwave background (CMB), 5, 111

anisotropy of, 129, 131, 164

baryon asymmetry parameter and

temperature of, 192

density perturbations and, 208

discovery of, 175

Doppler peaks in, 165

entropy and, 48

fluctuations in, 9, 127

habitability and, 463

as heating source, 461

Hubble constant inference from fluctuations

in, 346

isotropy and homogeneity of, 205

isotropy of, 47, 123

life and, 178

observed isotropy of, 47

observer selection and, 74–75

observing dark energy properties and, 87–89

perturbations and, 213

power spectrum, 190

reheating and, 131, 140

structure formation and, 205

temperature of, 48, 111

thermal coupling to, 462

cosmic neutrino background, 263

cosmic plasma, 182, 263

cosmic rays

anti-matter evidence from, 181

anti-nuclei and, 181

anti-protons and, 180

hydrogen ionisation by, 476, 478

interstellar gas collisions with, 181

as ionisation source, 441

Cosmic Uroborus, 22–26, 60

cosmic web, 203

cosmological background evolution, 360

cosmological constant, 82, 488

anthropic arguments and, 339

anthropic principle in fine-tuning, 340

expansion rate and, 212

fine-tuning and, 69, 70

fine-tuning of, 340

modified gravity and, 96

probability distribution for life and, 494

SAP and, 50

testing for anthropic origin of, 484–489

cosmological effects of vacuum, 82–86

cosmological expansion rate, 46

acceleration of, 50

cosmological horizon, 207

cosmological nucleosynthesis, 46–47, 55

cosmological parameters, 12

baryon asymmetry parameter and, 192–194

CMB fluctuations and, 6

observer selection and, 74–75

SAP and, 38, 46

cosmological perturbations, inflationary, 131–135

Cosmological Principle, 359

Coulomb

barrier, 270, 302

field, 310, 531

forces, 473

functions, 302

interaction, 186

potential, 522, 530

coupling constants, 3, 28, 53, 57, 241, 245, 248,

514t, 514

Cowan-Griffin Hamiltonian, 532

CP angle, fine-tuning of, 309

CP conservation, 335

CP problem. See charge-parity problem

CP violation, 8, 187

baryon asymmetry and, 333

baryon density and, 69

chirality and, 333

QCD and, 333

CPT invariance, 188

critical density of universe, 193, 345
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critical energy density, 118

curvature

anthropic vacuum and, 101

perturbations in, 132

spatial, 3, 16, 206

critical density and, 345

perturbations and, 361

curvature fluctuations, 9–10

dark energy, 6, 50, 232

approaches to, 68

cosmological effects of vacuum and, 82–86

density of, 3

energy density and, 217

equations of state, 217

large-scale structure and, 87, 111

mass-energy density and, 347

microstructure of space and, 15

models for dynamical, 89–94

modified gravity vs, 95–97

observing properties of, 87–89

relativistic theory of gravity and, 95

dark matter (DM), 6, 176, 196, 232, 345

annihilation cross sections of, 354, 366, 367

annihilation of, 357

axions and, 308

categories of, 205, 350–351

cold, 205, 364

collisionless, 364

decoupling and, 364

discovery of, 348–350

energy density, 119

fine-tuning and, 377–378

fine-tuning for structure formation, 366

freeze-out and, 357

growth of perturbations, 364–366

Higgs mass and, 328

hot, 205, 364

large-scale structure and, 7, 348, 366, 377

non-WIMP, 376

percentage of universe, 348

production cross sections of, 354

SAP and, 51–52

scalar fields as, 93–94

structure formation and, 359–366

subclumps of, 370

symmetric universe and, 186

taxonomy of particle, 351

transfer function for, 220

warm, 205

dark matter halos, 104, 198, 226, 230, 373

density profiles, 368

galaxy formation and, 226

structure formation and, 370

virialised, 203

dark-matter halos, 368

Darwin term, 531

Darwinian evolution, 446

darwinism, 76–77

DBOC. See diagonal Born-Oppenheimer correction

de Sitter

eternal inflation and, 154

expansion, 156

invariance, 162

quantum scalar field in, 153

space, 102

dead zones, 440–442

debris discs, 438

decoupling, 51, 263

baryons and, 362

dark matter and, 364

field, 249

neutrino, 178

photon-matter, 205

scale, 167, 238, 513

Silk scale and, 363

structure formation and, 363

density contrast, 220

density fluctuations, 461

generation of, 207–209

gravity and, 7

large-scale structure and, 24

normalisation of, 102

primordial, 50, 197, 396

quantum origin of, 25

SAP and, 50

density parameter, SAP and, 47

density perturbations, 198, 208

deuterium, 190, 191, 258

binding energy of, 254

fragility of, 266

role of burning, 388–390

deuterons, 45, 253, 258, 265

DFSZ model. See Dine-Fischler-Srednicki-Zhitnitsky

model

diagonal Born-Oppenheimer correction (DBOC), 532

diffusion damping. See Silk

dimensional regularisation, 327

Dine-Fischler-Srednicki-Zhitnitsky model

(DFSZ model), 339

dipole moment, of water, 524

diprotons, 45, 258

Dirac

coincidence, 395

equation, 531

fermionic representations, 249

large-number hypothesis, 78

quantisation, 163

discrete symmetries, 176

dissipation region, 399

dissociative recombination, 476

distance-ladder technique, 346

DM. See dark matter
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DNA, 512

structure of, 532–533

dust shielding, 478

dust-settling

timescale, 469

velocity, 467

dwarf galaxies, 230, 399, 488

habitable planets and, 485

observations of, at high-redshifts, 487

dwarf spheroidal galaxies, 370

dwarf stars, 460

dynamical dark energy, models for, 89–94

EAGLE galaxy formation simulation, 105

Earth, 447

age of, 77

gravitational settling and, 421

Earth-mass planets, 460

Eddington

limit, 49, 392

luminosity, 36, 406, 461

mass outflow rate, 406

ratio, 402

EDM. See electric dipole moment

EELT. See European Extremely Large Telescope

effective theories, 238, 513

effective viscosity parameter, 441

eigenfrequencies, of Saturn, 435

Einasto profile, 368

Einstein equations, 115, 116

anisotropic initial conditions and, 145

perturbed, 131

Einstein field equations, 359

Einstein gravity, 96

Einstein-de Sitter growth rates, 212, 214

Einstein-de Sitter model, 80, 86, 105

background density and, 224

Einstein-Hilbert action, 113

Starobinsky model and, 141

electric dipole moment (EDM), 336

electric fine structure constant, 26

electromagnetic

binding energy, 250, 270

coupling constant, 246

field, 246

electromagnetic force, 282

non-trivial chemistry and, 11

electromagnetic interaction, 252

CP conservation and, 335

electromagnetism, 22, 25, 323

electron degeneracy energy, 33

electron field, energy of, 310–312

electron mass, 310, 317, 318

fine-tuning of, 310

quantum mechanics and, 310

electronic transition, 518

electron-photon interaction, 311–312

electron-positron pair emission, 305

electrons, 176, 244–246

self-energy of, 69

WIMP detection and, 369

electron-scattering opacity, 35, 39

electrostatic Coulomb forces, 473

electrostatic energy, 43

electroweak

baryogenesis, 189

fine-tuning in, 323–333

interactions, 243–245

mixing angle, 249

scale, 307, 308, 331

unification, 24

electroweak symmetry breaking (EWSB), 309, 323,

326, 339

technicolour models and, 329

elementary Higgs boson, 329

elementary particles, dark matter as, 351

energy budget, 117

scalar fields and, 126

energy conservation, 114

virial theorem and, 224

energy density

critical, 118

dark energy and, 217

dark matter, 119

matter and, 211

neutrino, 119

photon, 117

power spectrum shape changes and, 219

energy scales, 97

energy-momentum conservation, 310

energy-momentum tensors, 206

ensemble reasoning, 75–77

anthropic vacuum and, 102

SAP and, 82

entropy

conservation of, 184

microwave background and, 48

neutrinos and, 263

per baryon, 48

per particle, 99

per photon, 179

EOG. See Extreme Outer Galaxy

EOS. See equations of state

Epstein regime, 467

equations of state (EOS), 117

solid planet internal structure and, 472

eternal inflation, 12, 13, 15, 154–157, 160, 161

de Sitter space and, 154

multiverse and, 164

Euler equation, 209, 210

European Extremely Large Telescope (EELT), 487

EUV. See extreme ultraviolet
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event horizon

de Sitter space and, 103

of Universe, 12

evolutionary biology, 77

EWSB. See electroweak symmetry breaking

exoplanet statistics, 448

exoplanets, 75, 412

atmospheres of, 459

carbon, 476

close-in planets or debris and, 416

compositions of, 471

detection of, 474, 475

elemental abundances and, 464

giant planets and, 426

mass distribution of, 413

super-Earths and, 416, 426

warm dust and, 421

extragalactic high luminosity sources, 181

extragalactic planet searches, 485–487

extra-Solar intelligent civilisations, 444–448

extrasolar planets, 412

Extreme Outer Galaxy (EOG), 467

extreme ultraviolet (EUV), 467

Extremely Large Telescope, 448

Faber-Jackson relation, 399

far-ultraviolet (FUV), 477

photodissociation by, 481, 482

water and, 481

Fermi

constant, 28, 314

model, 314

Paradox, 412, 444

Fermi-Dirac gases, 262

chemical potential and, 352

kinetic equilibrium and, 352

fermions, 244, 257, 314, 327

chiral, 328

cold thermal relics and, 351–353

EWSB and, 329

Majorana, 375

mass of, 317

SUSY and, 328

55 Cancri e, 464

filaments, 203

fine-structure constant, 69, 270, 519, 522

DNA and, 533

fine-tuning, 3

anthropic, 21

anthropic arguments and, 309

of baryon asymmetry parameter, 174, 178–179

biological molecules and, 511

biologically important molecules and, 535

cosmological constant and, 69, 340

of CP angle, 309

of dark matter, for structure formation, 366

dark matter amounts, 348

dark matter and, 377–378

defining, 68–71

electron field energy, 310–312

of electron mass, 310

electro-weak sector, 323–333

galaxy formation and, 383

inflation and, 139–142

life and, 178

measures for particle physics, 319–323

naturalness in particle physics and, 68–69

nuclear physics and, 257–260

particle physics problems of, 309

quantifying, for particle physics, 317–323

Standard Model puzzles, 120

in strong sector, 333–339

of structure formation, 231–233

types of, 28

Universe evolution and, 54

first metal enrichment epoch, water formation during,

476–484

first planets, 461–463

Fischer-Tropsch-type reactions (FTTs), 466, 474

flat Universe, 462

flatness problem, 101, 124–125

inflation and, 126

flavour symmetry, 318

FLRW form. See Friedmann-Lemaı̂tre-Robertson

fluctuations, 9–10

in CBR, 346

CMB, 127

density, 7, 24, 50, 207–209, 461

power spectrum of, 150

quantum, 75

stochastic, 157

Fokker-Planck equation, 162–163

Fourier modes, 211

free-fall time, 397, 399

free-streaming distance, 364

freeze-out

cold thermal relics and, 354, 355

DM and, 357

temperature, 46

time, 48

of WIMPs, 357

freeze-out time, 48

Friedmann equation, 37, 83, 85, 91, 116, 128,

140, 214

baryon asymmetry parameter and, 192–193

cosmological dynamics and, 260

critical energy density and, 118

Hubble flow parameter and, 129

linear power spectrum and, 219

matter perturbation growth and, 217

Friedmann-Lemaı̂tre-Robertson-Walker form

(FLRW form), 114, 115, 131, 145, 206, 218,

260, 360

FTTs. See Fischer-Tropsch-type reactions
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fundamental constants

nuclear physics and, 240–242

FUV. See far-ultraviolet

galactic centre, 368, 370, 400, 401, 404, 477

galactic habitable zone, 447

galactic rotation curves, 6, 349, 400

galactic scales, 396–400, 535

galaxies

black holes at centers of, 400

characteristic mass of, 396–398

distribution of, 203

gravitational potential well, 6

gravity and formation of, 7–8

luminosity function of, 230

mass of clusters of, 205, 230, 349

mergers of, 489

motions of, 6

number of, 12

rotation curves of, 6, 205

semi-anthropic formation of, 102–106

Seyfert, 181

x-ray emitting clusters of, 181

galaxy formation, 33, 49, 232

numerical simulations and, 383–384

galaxy scale, 33

gamma rays, 180

gamma-ray bursts (GRBs), 447

Gamow energy, 272, 274, 305, 389

gas accretion events, 405

gas giants, 473, 475

locations of, 423–425

mass of, 414

gas-phase H2 formation, 480, 481

gauge

coupling constants, 248, 257

couplings, 283, 329

electroweak bosons, 323

hierarchy problem, 328–333

invariance, 323

gauge bosons, 244, 327

GCM. See Generator Coordinate Method

Gell-Mann matrices, 244

Gell-Mann–Nishijima relation, 245

gene expression, 512

General Relativity, 360

credibility of, 13

gravity and, 113

Planck scale and, 4

Generator Coordinate Method (GCM), 300

Geneva stellar code, 288

geophysical processes, 447

geothermal energy, 463

g-factors, 251–252

Giant Magellan Telescope (GMT), 486, 487

giant molecular clouds (GMCs), 395

giant planets

locations of, 423–425

orbital properties of, 436

snow line and, 421

GIM mechanism, 316

glaciation episodes, 447

global PQ symmetry, 338

globular clusters, 487

gluinos, 372

GMCs. See giant molecular clouds

GMT. See Giant Magellan Telescope

grand unified theory (GUT), 24, 176, 249

baryogenesis and, 189

Higgs mass and, 325

inflation and scale of, 125, 127, 140

scale, 24, 189

unification energy, 7

graphite, 464

gravitation, 240, 463, 513

gravitational collapse, 131

gravitational constant, 26, 53, 193, 206, 242, 345,

356, 387, 408, 511

gravitational instability

inhomogeneities and, 360

structure formation and, 207

gravitational lensing, 6, 386

galaxy cluster mass estimation from, 205, 349

gravitational magnification, 487

gravitational microlensing, 485

gravitational potential, 83, 96

linear growth phase and, 209–210

Poisson equation for, 209

scaling relations and, 407

gravitational potential well, 6

gravitational waves, 131, 393

discovery of, 351

inflation and, 133

gravitino, 351

gravity, 8, 22, 458

constraints on, 7–8

dark energy vs modified, 95–97

density fluctuations and, 7

Einstein, 96

galaxy formation and, 7

General Relativity and, 113

Lagrangian for, 127

mass and, 4

Newtonian, 209

quantum, 27, 116

quantum vacuum fluctuations and, 131

relativistic theory of, 95

stellar evolution and, 279

GRBs. See gamma-ray bursts

ground states, anthropic arguments and, 340

GUT. See grand unified theory

gyromagnetic factors, 251–252, 519, 531
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habitability, 458, 460, 463

habitable epoch, 458, 461–463

habitable planets, 485, 489–492, 494

habitable zone, 75, 412, 489, 494, 496

hadron colliders, 371–372

halo cooling, 195

halo mass function, 226–228, 230

haloes, star-forming, 462

Hamiltonians, 515, 517, 519

Cowan-Griffin, 532

for water, 525

Harrison-Zeldovitch power spectrum (HZ power

spectrum), 165, 219, 365

Hawking temperature, 31

heat death of Universe, 54

heavy elements

asteroids and, 421

binding energies and, 255

disc composition and, 467

life and, 458

supernovae and, 464

heavy nuclei, 81

Heisenberg uncertainty principle, 310

helium

abundance of, 479

after BBN, 267

burning, 285

cosmological nucleosynthesis and, 46

mass-energy density and, 347

primordial, 196, 292

primordial nucleosynthesis and levels of, 203

in stars, 385

helium mass fraction, 191, 195

helium-burning phase, 42

Hellmann-Feynman theorem, 533, 534

Hertzprung-Russel diagram (HR diagram), 283, 288

hierarchy problem, 69, 326, 328–333

Higgs

boson, 34, 189, 371

electroweak fine-tuning and, 325

elementary, 329

EWSB and, 329

pNGB and, 330

coefficients, 241, 514t

couplings, 325

doublets, 258, 338

field, 141, 166, 215, 247, 324

hierarchy problem, 329

mass, 28, 34, 309, 320

higher-order corrections to, 325–328

inflation and, 332

quantum corrections to, 325

SUSY and, 329

mechanism, 243

scalar doublet, 247

vev, 250, 255, 268, 283, 324, 327, 340

high-redshift galaxies, 487–488

Hill radius, 427

homogeneity, 206, 360

Cosmological Principle and, 360

homogeneous initial conditions, 142–143

horizon, 120–123, 125. See also event horizon

CMB observation and, 87

cosmic, 12, 17

cosmological, 207

particle, 207

quantum fluctuations and, 205

hot Big Bang model, 48, 111, 117, 120

hot dark matter, 205, 364

Hoyle level, carbon production and, 282

Hoyle state, 253, 272–274, 302, 515

HR diagram. See Hertzprung-Russel diagram

Hubble drag, 93, 211, 212

Hubble expansion rate, 211, 222, 268

Hubble flow, 103, 209, 222

Hubble parameter, 11, 147, 153, 183, 193, 346,

447, 462

Hubble radius, 78, 111, 207, 214

dark matter and, 361

inhomogeneities smaller than, 149

perturbations and, 361

Hubble Space Telescope, 486

Hubble volume, 12, 462

hydrogen, 258, 517

cloud cooling and, 403, 462

constant and atoms of, 521–522

constant and molecules of, 522

cosmic ray and x-ray ionisation of, 476, 478

ionisation potential of, 80

mass-energy density and, 347

radius of, 27

recombination and, 120

relativistic effects and, 531

in stars, 385

thermal photon ionisation of, 70

water formation and, 476, 478–479

hydrostatic equilibrium, 278, 472, 473

hypercharge, 245–247

hyperfine frequency, 518

HZ power spectrum. See Harrison-Zeldovitch

power spectrum

ice, asteroids and, 421

IMBH. See intermediate-mass black hole

IMF. See initial mass function

industrial pollution, 459

inflation, 111

advantages, 165–166

avoiding self replication and, 157–160

constraints on, 135–139

doubts and criticisms about, 112

end of, 130

eternal, 13, 15, 154–157, 160, 161

field theory and, 126
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inflation (cont.)

fine-tuning and, 139–142

flatness problem and, 125

gravitational waves and, 133

GUT scale and, 125, 127, 140

Higgs mass and, 332

horizon problem and, 125

large field, 142

large-scale structure and, 131

multiverse and, 160–165

perturbations and, 131–135, 360

quantum fluctuations and, 98, 205

quantum fluctuations of field, 75

realising phase of, 126–131

scalar fields and, 98

stochastic, 152–153, 160

trans-Planckian problem of, 150

UV sensitivity of, 166

inflationary cosmological perturbations, 131–135

inflationary initial conditions, 142–149

inflationary phase, 12, 25

inflationary potential, free parameters of, 139–142

inflaton

field, 111–112, 126–128, 130, 131, 140–141,

207–208

Higgs field and, 166

Hubble parameter and, 153

inhomogeneous distribution of, 148

Klein-Gordon equation and, 152, 153

quantum behavior of, 153

self-coupling, 148

initial conditions

anisotropic, 143–144

homogeneous, 142–143

inflationary, 142–149

inhomogeneous, 145–149

for perturbations, 149–152

initial mass function (IMF), 390, 491–492

instantons, 334, 335

Integrated Sachs-Wolfe effect, 6

intelligent life, 79

intergalactic clouds, 401

intermediate-mass black hole (IMBH), 407

interstellar medium (ISM), 180, 406, 464,

476, 478

intra-cluster gas, 181

ionisation

cosmic rays and x-rays as source of, 441

fraction, 440

hydrogen potential for, 80

normalisation of rate of, 482

re-ionisation, 131

temperature, 39

thermal photons and, 70

ion-molecule sequences, 476, 478, 480, 481

iron-poor stars, 464

isentropic perturbations, 360

ISM. See interstellar medium

isospin, 334

isotropy, 206

Cosmological Principle and, 359

of microwave background, 47, 123

James Webb Space Telescope, 448, 487

Jeans

criterion, 361

length, 212, 214–216

mass, 49, 361–363, 390, 488

Jupiter, 424–426

asteroid impacts and, 434–435

asteroid precession rate and, 435

Saturn orbit and, 434, 435, 437

JWST mission. See James Webb Space Telescope

Kaluza-Klein

excitations, 331

particle, 351

Kelvin-Helmholtz time-scale, 394

Kepler Space Observatory, 7, 17, 448, 460, 475,

486, 494

Keplerian velocity, 468

k-essence, 91–93

Kim-Shifman-Vainstein-Zakharov model (KSVZ

model), 339

kinetic equilibrium, cold thermal relics and, 352–353

Kirkwood gaps, 426

KK excitations. See Kaluza-Klein

Klein-Gordon equation, 128, 129, 145, 152, 153

KSVZ model. See Kim-Shifman-Vainstein-Zakharov

model

Kuiper belt, 412, 438

Kullback-Leibler divergence, 138

Lagrangians

dark energy and, 97

for electron-photon interaction, 311–312

for gravity, 127

for k-essence, 92

for non-gravitational interactions, 245, 247

of QCD, 244, 334, 337

scalar field, 89

zero levels, 97

Lambda Cold Dark Matter (�CDM), 25, 35, 104, 105,

120, 195, 346, 448, 458

landscape hypothesis. See also string landscape, 99

Langevin equation, 153, 154, 156, 158

Large Electron Positron collider (LEP), 320, 329

Large Hadron Collider (LHC), 5, 320, 328, 341

SUSY particles and, 329

WIMP testing with, 357, 371–372

Large Magellanic Cloud (LMC), 486

large-number hypothesis, 78

large-scale structure, 345

baryon asymmetry parameter and, 196–199
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coincidences of time and, 70

dark energy and, 87, 111

dark matter and, 6, 348, 366, 377

density fluctuations and, 24

inflation and, 131

linear regime and, 196–198

nonlinear regime and, 198–199

quantum fluctuations and, 131

Laser Interferometer Gravitational Observatory

(LIGO), 52, 351, 393

last scattering surface, 111

laws of nature, 3

multiverse and, 12

LEP. See Large Electron Positron collider

leptogenesis, 189

leptons, 244, 246, 307

generations of, 308

Levi-Civita tensor, 245

LHC. See Large Hadron Collider

life

artificial spread of, 459

asteroid belts and, 412–444

carbon existence and, 35

comets and, 438

emergence of, 3, 458

fine-tuning and, 178

heavy elements and, 458

radiation and, 446

relative likelihood for, 489–497

search for, 460

thermal gradients and, 463

light, speed of, 24

light elements, synthesis of, 265, 292

LIGO. See Laser Interferometer Gravitational

Observatory

Lilly-Madau diagram, 103

linear growth phase, 209–211

linear perturbation theory, 218, 220, 224

linear power spectrum, 218–220

linear regime

baryon asymmetry parameter changes in,

196–198

structure formation and, 209–220

lithium

abundance of, 267, 275

primordial, 189–190

reactions influencing, 276

little Higgs models, 330

LMC. See Large Magellanic Cloud

Local Group, 103

local thermodynamic equilibrium (LTE), 350, 351

logical operations, 512

low-metallicity discs, 467

LTE. See local thermodynamic equilibrium

Lyman Werner radiation, 478

Lyman-alpha-cooling primordial clouds, 402

Lyα emitters, 487

MACHOs. See MAssive Compact Halo Objects

Magellanic Clouds, 486

magnetically-driven feedback, 390–391

magneto-rotational instabilities (MRI), 391, 439, 440

Magorrian relation, 406

main-sequence phase, 32, 288, 444, 446

Majorana fermions, 375

Mars, 420, 427

mass, 250–251, 291

of asteroid belt, 425

of black holes, 31

of celestial objects, 4

of clusters of galaxies, 205, 230, 349

constants determining, 31

eigenstates, 314

electron, 310, 317, 318

fermion, 317

of galaxies, 396–398

gravity and, 5

habitable planets and stellar, 490–492

of neutrinos, 248, 349

of pions, 254

proton, 5

quarks and, 251, 255, 257, 334

of scalars, 328

of seed massive black holes, 403–404

solid planet internal structure and

conservation of, 471

of stars, 4, 5–494

mass-energy density

chemical elements and, 346

dark energy and, 347

dark matter and, 347

hydrogen and helium, 347

neutrinos and, 346

radiation and, 346

MAssive Compact Halo Objects (MACHOs), 351

mass-radius relationships, for carbon planets, 471–474

mass-to-light ratio, 348

matter. See also anti-matter; dark matter; specific types

budget, 69

density, 70, 80, 193

matter types and, 205

WAP and, 80

distribution, 203

energy density and, 211

fields, 513

perturbation growth, 216

radiation decoupling from, 361

matter-antimatter asymmetry. See baryon asymmetry

matter-antimatter symmetry, 177

matter-radiation equality, 69, 80, 122

cosmic coincidence and, 90

maverick WIMPs, 372

MBH−σ scaling relation, 405–407

M-dwarf stars, 494

measure problem, 67
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Mendeleev table, 238, 292

Mercury, 420, 443

MERCURY orbital dynamics package, 426

Mészáros effect, 214, 219

metacosmology, 61

metallicity, 443, 464, 477, 479, 482, 487

CEMP stars and, 474

disc lifetime and, 467, 469

early stars and, 394–395

of gas environments, 477

primordial nucleosynthesis and, 267

stellar evolution and, 280, 282, 284

metal-poor stars, 464

meter, dependence on fundamental constants, 518–519

methane, 525

methanol, 438

metric tensor, 113, 131, 206

microphysics

limits of testing of, 13

macrophysics connections to, 24

microstructure of space, dark energy and, 15

microwave background. See cosmic microwave

background

Milky Way, 7, 12, 384, 395, 405, 412, 444, 478, 491

minimum mass solar nebular (MMSN), 417–418

minimum-mass extrasolar nebular (MMEN), 417, 419

minisuperspace approximation, 164

Minkowskian momentum, 313

MMEM. See minimum-mass extrasolar nebular

MMSN. See minimum mass solar nebular

modified gravity, dark energy vs, 95–96

MOdified Newtonian Dynamics (MOND), 350, 351

molecular biosignatures, 496

molecular structure

constant and, 519–521

hydrogen, 522

water, 524–525

Møller flux, 354

momentum conservation, 406

MOND. See MOdified Newtonian Dynamics

Moon, 180

moons

life emergence and, 496

weather extremes and, 421

MRI. See magneto-rotational instabilities

M-theory, 21, 25

string landscape variant of, 50

Mukhanov’s potential, 157, 164

multiverse, 12–15, 21, 57–58, 60, 166

anthropic arguments and, 82, 340

anthropic vacuum and, 99

avoiding self replication and, 157–160

ensemble reasoning and, 75–77

eternal inflation and, 154–157, 164

inflation and, 160–165

stochastic fluctuations and, 157

stochastic inflation and, 152–153

string landscape and, 164

vacuum density and, 484

muons, 180, 244, 245

NACRE rate, 286, 301, 304

Nambu-Goldstone boson (NGB), 330, 334

natural selection, 76

naturalness, 317–319

BG and, 320, 321

low-energy states and, 319

measures of, 321–322

in particle physics, 68–69

quantitative formalisation of, 320

supersymmetry models and, 320

Navarro-Frenk-White profile (NFW), 368

n-body simulations, 426–428

NEC. See Null Energy Condition

net baryon asymmetry, 187

neutral-neutral reactions, 477, 480, 483

neutrinos, 244, 245, 247, 351

cosmic plasma equilibrium with, 263

decoupling temperature of, 178

energy density of, 118

entropy and, 263

equations of state, 118

flavours of, 177, 178

mass of, 247, 349

mass-energy density and, 347

muon, 315

non-zero masses of, 328

nucleon-anti-nucleon annihilation and, 181

primordial nucleosynthesis and, 263–264

scatting of, 373

sterile, 351

supernovae and, 40–41

types of, 346

WIMP detection and, 369

neutron stars, 393

neutrons, 43

EDM for, 336

Pyramid of Complexity and, 54

quantum degeneracy pressure of, 393

neutron-to-proton ratio, 46, 264

Newton constant, 113, 241, 268, 514

effects of changes in, 395

Newtonian

gravity, 209

mechanics, 360

Newton’s gravitational constant, See gravitational

constant

NFW. See Navarro-Frenk-White profile

NGB. See Nambu-Goldstone boson

Noether

current, 334

theorem, 89

non-anthropic tunings, 28, 34

nonlinear perturbation growth, 198
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non-linear growth, 220–231

non-trivial chemistry, 10–11

non-WIMP dark matter, 376

nuclear

binding energy, 250

constants, 289–290

fusion, 10–11

ignition, 32

interaction, 252

parameters, 268

carbon production and, 286–288

effects of variation of, 271–277

element diversity and, 292

physics, 237, 240, 291–292, 515

fine-tuning and, 256–260

gyromagnetic factors and, 251–252

stellar evolution and, 279

reactions

binding energies and, 254–255

resonance energies of, 256, 305–306

scale, 535

nucleic acids, 446, 512

nucleons, 55, 176, 182, 252

density, 186

interactions of, 252, 253

carbon production and, 282

parameterisation of, 274

nucleosynthesis, 5, 10, 24, 45, 120, 177, 238, 240,

258, 260, 515

baryon asymmetry parameter and, 189–192,

195–196

carbon production and, 271, 272

CNO production in, 271

cosmological, 46–47, 55

deuterium destruction after, 266

larger baryon asymmetry range and, 191–192

non thermal, 267

p-process, 239

parameters for, 268–271

primordial, 190–192, 260–277

cosmological dynamics and, 260

early phases of Universe and, 260–264

helium levels and, 203

light elements from, 292

mechanism of, 264–265

neutrinos and, 263–264

observations on, 266–268

parameters for, 268–271

radiation era at thermodynamical

equilibrium, 262

thermal history and, 261

resonance energies and, 256

r-process, 238

s-process, 238

standard, 190–191

stellar, 278–291, 515

steps of, 264

in supernovae, 238

Null Energy Condition (NEC), 161

number density

of cold thermal relics, 354, 355

of water, 477

of WIMPs, 356, 367

numerical integration of cross sections, 301–302

numerical simulations

for asteroid impacts on terrestrial planets, 426–428

of star and galaxy formation, 383

observable Universe

during inflation, 205

limits of, 12

number of protons in, 37

size of, 35

observables, 516–518

observer selection, 74–75

OGLE group, 486

Oort cloud, 438

opacity, 120

open universe, 101

perturbations in, 213

orbital eccentricity, 14, 412

orbital radii, of potential carbon planets, 466–471

organic molecules, 512, 532

oxygen

atmospheric concentration of, 446

disc composition and, 466

production of, 446

stellar production of, 282, 288

panspermia, 459

parity, 176

particle physics

anthropic arguments and, 339–341

constants for standard model of, 248

extensions to standard model, 248–250

fine-tuning measures for, 319–322

fine-tuning problems in, 309

hierarchy problem and, 69

historical examples of fine-tuning problems in,

309–317

matter-anti-matter asymmetry generation with

models from, 187–189

naturalness in, 68–69

quantifying fine-tuning for, 317–323

standard model of, 26, 176, 240, 243–248, 257,

484, 513

technical naturalness and, 317–319

unification and, 248

Pauli exclusion principle, 262, 392

PBHs. See primordial black holes

Peccei-Quinn

mechanism, 337–339

symmetry, 52, 309
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Peccei-Quinn-Weinberg-Wilzcek axion, 338

periastron, 423

Periodic Table. See also Mendeleev table

perturbation theory, 520

relativistic effects and, 530

photodissociation, 477, 478, 482

photoevaporation, 467

photon-matter decoupling, 205

photons

cross-section of, 120

energy density of, 119

equations of state, 117

hydrogen ionisation by thermal, 70

means-free paths of, 362, 363

nucleon-anti-nucleon annihilation and, 180

WIMP detection and, 369

photon-to-baryon ratio, 48–50, 70, 80, 174, 176, 199

photospheric solar abundances, 479

physical constants, 22, 26–28, 511

pions

mass difference in charged and neutral, 312–314

mass of, 254

neutral, 312–314

nucleon-anti-nucleon annihilation and, 180

Planck

constant, 26, 241, 511, 514

density, 50

length, 4, 24, 27, 78

map, 123

mass, 27, 70, 114, 320, 330, 331

pressure, 389

satellite, 6, 11, 112, 136, 140, 190, 269

scale, 29, 35, 307

anthropic vacuum and, 97

electron mass and, 317, 318

EW scale and, 308

general relativity and, 4

reduced, 330

vacuum energy density at, 485

planetisimals, 421, 422

planets

Earth-mass, 460

first, 461–463

maximum and minimum size of, 33

production efficiency, 488

rocky, 461, 462, 489

searching for extragalactic, 485

timescale for formation of, 467

plateau models, 164

PLATO mission, 475

pNGB. See pseudo Nambu-Goldstone boson

pocket universes, 13, 101, 156, 157, 164–165

Poincaré group, 240

Poisson’s equation, 83, 209

Population II stars, 464

Population III stars, 394

carbon production in, 281–291

SNe ejecta from, 465

supernovae of, 465

positrons, 175, 369

p-process nucleosynthesis, 239

PQ mechanism. See Peccei-Quinn

Press-Schechter

apparatus, 99

mass function, 390

theory, 226–231

primordial abundance, 190–192, 265–269, 274–277

primordial black holes (PBHs), 52

primordial density fluctuations, 50, 198, 205,

218, 396

primordial nucleosynthesis. See nucleosynthesis

probabilistic frameworks

Bayesian approaches for, 71–74

cosmology examination with, 71–77

ensemble reasoning, 75–77

observer selection and, 74

proteins, 512, 533

protons

decay, 179

mass, 5

number of, in observable Universe, 37

Pyramid of Complexity and, 55

scale, 29

stability of, 260

proton-to-electron mass ratio, 29

protoplanetary discs, 417, 421, 426

CO snow line and, 438–440

with dead zone, 440–442

graphitisation in, 472

low-metallicity, 467

turbulent, 438–440

water snow line evolution in, 422

protoplanets, 475

protostars, 389

protostellar fragment. See protostars

Proxima Centauri, 460, 496

pseudo Nambu-Goldstone boson (pNGB), 330, 338

p-wave, 356, 366

Pyramid of Complexity, 54

Q, 9

anthropic domain of, 14, 50

QCD. See quantum chromodynamics

QED. See quantum electrodynamics

QSOs, 181

quantum chromodynamics (QCD), 239, 240, 259

axion, 309

binding energies and, 255

chiral limit of, 251

CP violation and, 333

instantons, 334

Lagrangian of, 244, 334, 337

nuclear physics and, 291–292

scale, 27
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strong interactions and, 334

technical naturalness and, 318

vacuum phase, 241, 514

quantum corrections, 69

quantum degeneracy pressure, 393

quantum electrodynamics (QED), 311, 334, 518

quantum field theory, 97, 248, 323, 485

quantum fluctuations, 75, 98, 131, 205

quantum foam, perturbation emergence from, 150

quantum gravity, 24, 116

anthropic vacuum and, 97

Planck scales and, 29

quantum numbers, cold thermal relics and, 351

quantum physics, 23

electron mass and, 310

wave-function, consciousness and, 57

quark/gluon jets, 372

quark-hadron transition, 182

quarks, 13, 244, 307

charm, 315–316

flavours of, 249

generations of, 308

light, 317

mass and, 251, 255, 257, 334

massless, 337

Pyramid of Complexity and, 54

top, 318

up, 315

quasars, 60, 267, 401, 402

quintessence, 89–91

radiation

era at thermodynamical equilibrium, 262–263

fossil, 384

life and, 446

mass-energy density and, 346

matter decoupling from, 361

pressure, 386

radiation-dominated Universe, 213–214

radiative stars, 40

radiative transport, 39

radio jets, 401–402

radioactive energy, 463

Randall-Sundrum models (RS models), 331

recombination, 80, 120, 121, 197, 215–217, 462, 476

red dwarfs, 39

red giants, 42, 282

reheating, 130, 138, 140

re-ionisation, 131

relativistic cosmology, 113–117, 360

relativistic theory of gravity, 95

relics

abundance of, 182–183, 186, 352

density of, 70

nonthermal, 351

thermal, 351

renormalisation, 248, 249, 319, 322

Resonating Group Method (RGM), 300

RGM. See Resonating Group Method

Ricatti equation, 183

Ricci

curvature tensor, 114, 330, 359

scalar curvature, 359

Riemann

curvature tensor, 359

tensor, 114

zeta function, 353

RNA, 512

rocky planets, 461, 463, 489

rotation curves, 6, 349, 400

R-parity, 371

r-process, 239

RS models, See Randall-Sundrum models

Runge-Kutta scheme, 473

Rydberg

constant, 518

energy, 389

Sagittarius A, 404

Saha equation, 120, 285

Sakharov conditions, 8, 175, 187–188

SAP. See strong anthropic principle

Saturn, 426

asteroid impacts and, 434–437

eigenfrequency of, 435

orbital location, 434, 436, 437

precession rates and, 434–435

SBBN. See Standard Big Bang Nucleosynthesis

scalar fields, 89, 91, 93–94, 98, 126, 131, 145, 153,

154. See also inflaton

scalar perturbations

amplitude of, 132

power spectrum of, 132

scalar spectral index, 136

scale decoupling, 167, 238, 513

scale factors, 122, 148, 359

scales

cosmic, 4

Cosmic Uroborus and, 22–24

forces at different, 22

galaxy, 33

hierarchy of structure and, 512

of panspermia, 459

Planck, 5

range of, 20

subatomic, 4

of supersymmetry breaking, 97

Schrödinger equation, 252, 253, 515–516, 519

conformal invariance and, 530

water and, 526

Schwarzschild radius, 4, 31

scientific theory

effective, 238, 513

hierarchy of, 512–513
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SCUBA, 465

SDSS. See Sloan Digital Sky Survey

seconds, defining, 517

secular resonances, 426, 430

SEGUE survey, 464

self-gravity, 4

self-lensing events, 486

semi-anthropic galaxy formation, 102–106

SFI. See Small Field Inflation

sheets, 203

sigma model, 254

silicates, 464, 473

Silk

damping, 198, 215, 216, 362

mass scale, 363

Sloan Digital Sky Survey (SDSS), 464

slow-roll regime, 151

SM. See Standard Model

Small Field Inflation (SFI), 142

Small Magellanic Cloud (SMC), 486

small-scale inhomogeneities, 360

SMBHs. See black holes

SMC. See Small Magellanic Cloud

snow line, 421

asteroid belt location and, 425

CO, 438

water, 422–423

snowball Earth, 447

Solar System, 24, 412, 442

asteroid orbits in, 427

disc with dead zone model and, 441

effects of inner system architecture, 428–436

effects of outer system architecture, 436–437

lack of close-in planets or debris, 416

super-Earths and, 416, 418–420

water in, 421

solar wind, 180

solitons, 351

Sommerfeld enhancement, 186

space telescopes, 486

spacecraft, 459

spatial dimensions, 60

Special Relativity, 83

speed of light, 24, 26, 113, 121, 206, 241, 511, 514

speed of sound, baryon density and, 87

spherical Bessel function, 153

spherical collapse model, 224

spherical top-hat model, 220–226

spin-orbit interaction, 531

spin-spin interaction, 252

Spite plateau, 267

squarks, 372

s-process, 238

Standard Big Bang Nucleosynthesis (SBBN), 190–191

standard evolution equation (SEE), 183

Standard Model (SM), 3, 189, 325

constants in, 26, 513

of cosmology, 113–120, 490

CP violation and, 8

fine-tuning puzzles, 120–125

flatness problem and, 124–125

of particle physics, 26, 176, 240, 243–248, 257,

484, 513

constants for, 248

extensions to, 248–250

QCD interactions in, 329

quark and lepton generations in, 308

SAP and, 45

strong sector of, 336

WIMPs and, 357

Yukawa couplings and, 249

standard-candle method, 346

star-forming halos, 462

Starobinsky

model, 138, 141–143, 149, 157, 164, 167

potential, 128, 140

stars. See also carbon-enhanced metal-poor stars;

white dwarfs

carbon production in, 35, 281–291

characteristic mass of, 388

deuterium burning role in, 388–390

dwarf, 460

evolution, 7, 384

carbon production and, 288

first stars, 394–395

of most massive stars, 392–394

Newton constant and, 395

stages of, 280

star formation physics, 395–396

stellar physics basics, 278–279

system of equations for, 279–280

white dwarfs, 392–395

evolution stages of, 279

first, 394–395

formation of, 32, 385, 386, 395–396, 405

gravity and, 8

habitable planets and mass of, 490

iron-poor, 464

lifetime of, 35, 45, 79, 492

luminosity of, 35–36, 79

magnetically-driven feedback in, 390

main-sequence phase of, 32, 36

mass of, 4, 31, 79, 496

mass scales, 386–396, 535

characteristic mass of stars, 388–391

minimum mass of stars, 391

minimum protostellar fragment mass, 387–388

M-dwarf, 494

metal-poor, 464

minimum mass of, 391

minimum protostellar fragment mass, 387–388

most massive, 392–394

numerical simulation of formation of, 383–384

oxygen production in, 282
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physics of, 278–279

Population II, 464

Population III, 281–291, 394

self-regulation, 390

surface temperatures, 39

thermally pulsing asymptotic giant branch

stars, 282

steady-state theory, 79

Stefan-Boltzman constant, 459

stellar nucleosynthesis, 278–281, 515

stochastic inflation, 152–153, 160

stochastic scalar field, 154

stress-energy tensor, 260, 359

string landscape, 21, 50, 99

anthropic arguments and, 340

multiverse and, 164

vacua, 484

strong anthropic principle (SAP), 20, 29, 59

astrophysical coincidences, 38–45

chemistry constraints and, 42–45

convective and radiative stars and, 39–40

cosmological constant and, 50

cosmological nucleosynthesis and, 46–47

dark matter and, 51–52

density fluctuations and, 50

density parameter and, 47

ensemble of universes and, 82

number of dimensions and, 53

photon-to-baryon ratio and, 48–50

supernovae and, 40–42

triple-alpha and, 42

tunings, 22, 28

strong CP

angle, 309

massless quarks and, 337

Peccei-Quinn mechanism and, 337–339

problem, 307, 308

U (1)A and, 333

strong interactions, 3, 22, 28, 43, 243, 244,

252–253

coupling constant, 28

CP conservation and, 336

fine-tuning in, 333–339

Higgs field and, 247

non-trivial chemistry and, 11

nucleon formation and, 182

QCD and, 333

standard model kinetic terms for, 245

structure formation, 101, 102, 111, 203

baryon asymmetry parameter and,

196–198

CMB and, 208

dark matter and, 359–361, 365

decoupling and, 363

fine-tuning of, 231–233

gravitational instability and, 207

linear power spectrum and, 218–220

linear regime and, 209–220

non-linear growth and, 220–231

perturbations and, 208, 213

recombination and, 215–217

spherical top-hat model, 220–226

SU(2), 243, 245, 247, 513

SU(3), 243, 244, 249, 513

Sun, 385, 418, 443

Sunyaev-Zeldovich effect, 106

super-Earths, 443

asteroid impacts and, 434, 437

formation of, 417–421

lack of, 416, 428

supernovae, 40, 393, 464, 466

neutrinos and, 40–41

nucleosynthesis in, 237

Population III, 465

SAP and, 40–42

SNe ejecta, 465

Type Ia, 6, 220

superstring theories, 25

supersymmetry (SUSY), 328, 331

baryogenesis and, 188

naturalness and, 320

scale of breaking, 97

SUSY-WIMP hypothesis, 375

unbroken, 97

WIMP and, 93, 329

WIMPs and, 351, 371–372

SUSY. See supersymmetry

s-wave annihilation, 355, 366

Seyfert galaxies, 181

symmetric universe, 180–187

symmetry-breaking, 243

anthropic principle and, 57

axions and, 332

electroweak, 309, 323, 327, 329, 338

energy scale of, 52

particle physics and, 248

pNGBs and, 330

PQ and, 339

tardigrades, 459

technicolour models, 329, 330

telescopes, 357, 368, 370, 448, 486

temperature

anisotropy, 123, 345

freeze-out, 46

Hawking, 31

ionization, 39

of neutrinos decoupling, 178

of reheating, 140

of star surface, 39

of Universe, 262

temperature fluctuations, 9

terrestrial planets, 421, 425–437

TESS mission, 448, 475, 486
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TeVeS, 350

TFD. See Thomas-Fermi-Dirac EOS

theory of everything (TOE), 3, 25

multiverse and, 57

thermal coupling, 462

thermal equilibrium

in carbon production, 288

radiation era at, 262

Sakharov conditions and, 187–188

thermal gradients, 463

thermal history, 261

Thirty-Meter Telescope (TMT), 486, 487

Thomas-Fermi-Dirac EOS (TFD), 472

Thomson scattering, 215, 392

t’Hooft criterion, 308, 317, 319, 332,

336, 341

TMT. See Thirty-Meter Telescope

TOE. See theory of everything

Toomre parameter, 441

top quark, 318

topological defects, 207

translucent clouds

water abundance in, 481

water formation in, 476

trans-Planckian

physics, 166

problem of inflation, 150, 164

TRAPPIST-1, 496

triple-alpha, 42, 284

trivial anthropic principle, 77–78

Tully-Fisher relation, 399

Type Ia supernova, 6, 484

U (1)A, 336

ultraviolet (UV radiation), 446

cutoff �, 313, 319

EUV, 467

FUV, 477, 481, 482

inflation sensitivity to, 166

photodissociation from, 481, 482

unification, 248, 258

Universe

biophilic, 13

complexification of, 278

composition of, 118, 345–348

critical density of, 193

energy budget, 117

ensemble of, 82

habitability of, 458, 460

heat death of, 54

pocket, 12, 101, 156, 164–165

structure emergence in, 203, 205–208

temperature of, 262

wave-function of, 163

up quarks, 315

UV radiation. See ultraviolet

vacuum, 82–86

anthropic, 97–102

density, 70, 83, 90, 97, 100, 118, 484–485

expectation value, 324, 327, 333, 338

fluctuations, 131, 310

perturbations in, 92

vector bosons, 245, 326

vector symmetry, 334

Venus, 180, 413, 414

Virgo cluster, 484

virial theorem, 32, 33, 224, 349

virialisation, 203, 224, 462

virtual particles, 248

voids, 203

voltage gated ion channels, 533

WAP. See weak anthropic principle

warm dark matter, 205

Warm-Hot Intergalactic Medium (WHIM), 106–107

water, 512

asteroid belts and, 422

asteroid impacts and, 421

dipole moment of, 524

first metal enrichment epoch formation of, 476–484

gas phase abundance of, 482, 483

Hamiltonian for, 525

in ISM, 476

ion-molecule sequences forming, 476

molecular structure, 524–525

phase diagram of, 458

snow lines, 422–423, 425

variations of constants and, 526–529

wave function, 520

of Universe, 163

weak anthropic principle (WAP), 20, 22, 29, 35–38,

49, 58, 78

Dicke’s argument and, 35–37

intelligent life and, 79

large-number hypothesis and, 78

sufficiency of, 37–38

weak interactions, 3, 22, 28

cosmological nucleosynthesis and, 45–46

cross-section for, 41

electron mass and, 68

neutrino decoupling temperature and, 178

supernovae and, 40

weak isospin, 245

Weakly-Interacting Massive Particles (WIMPs),

51, 356

annihilation cross-section, 367

cold thermal relics and, 356

collider production and detection of, 371–372

direct detection of, 372–375

freeze-out of, 357

indirect detection of, 368–371

LHC experiments for, 358

nonrelativistic annihilation of, 367
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nucleon coupling, 373

nucleon scattering rates, 367

nucleus couplings, 373

nucleus scattering, 367, 373

number density of, 356, 368

Standard Model and, 357

supersymmetric relic, 93

WIMPzillas, 351

Weinberg angle, 241, 514

Wentzel-Kramers-Brillouin approximation

(WKB), 163

WFIRST mission, 448

Wheeler-De Witt equation, 163

WHIM. See Warm-Hot Intergalactic Medium

white dwarfs, 32, 392

Wick rotation, 313

Wilkinson Microwave Anisotropy Probe (WMAP),

6, 7, 118, 158

WIMPs. See Weakly-Interacting Massive Particles

WKB. See Wentzel-Kramers-Brillouin

WMAP. See Wilkinson Microwave Anisotropy Probe

x-rays, 181, 441, 467, 476, 478

Yukawa couplings, 241, 250, 255, 283, 325–327, 514

Z-boson, 371

zero-age main sequence (ZAMS), 288

zero-point energy, 97

Zircons, 491
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