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Abstract

:

Galaxy evolution is an important topic, and our physical understanding must be complete to establish a correct picture. This includes a thorough treatment of feedback. The effects of thermal–mechanical and radiative feedback have been widely considered; however, cosmic rays (CRs) are also powerful energy carriers in galactic ecosystems. Resolving the capability of CRs to operate as a feedback agent is therefore essential to advance our understanding of the processes regulating galaxies. The effects of CRs are yet to be fully understood, and their complex multi-channel feedback mechanisms operating across the hierarchy of galaxy structures pose a significant technical challenge. This review examines the role of CRs in galaxies, from the scale of molecular clouds to the circumgalactic medium. An overview of their interaction processes, their implications for galaxy evolution, and their observable signatures is provided and their capability to modify the thermal and hydrodynamic configuration of galactic ecosystems is discussed. We present recent advancements in our understanding of CR processes and interpretation of their signatures, and highlight where technical challenges and unresolved questions persist. We discuss how these may be addressed with upcoming opportunities.






Keywords:


cosmic rays; galaxy formation and evolution; interstellar medium; circumgalactic medium; outflows; inflows; star-formation; molecular clouds; feedback












1. Introduction


Constructing a holistic scenario of the formation and evolution of galaxies requires the integration of information from macroscopic (e.g., dynamical and thermal) and microscopic (e.g., interaction and radiative loss) processes. One of the technical hurdles we face in achieving this is to resolve the multi-channel feedback processes operating between various internal and external components of galaxies, which themselves reside in a broad range of environments that evolve over cosmic time. Despite rapid progress, our current understanding of galactic feedback is still at an infant stage. Most existing work to date has been phenomenological. It mainly focuses on either thermo-mechanical and radiative effects. An example of the study of thermo-mechanical feedback is in the investigation of the energy of supernova (SN) explosions, where the inputs are based on theoretical and numerical modelling (e.g., [1,2,3,4]), and  gauged against observational measurements [5,6,7]. An example of the study of radiative feedback is the investigation of star-forming cycles regulated by stellar [8] or active galactic nucleus (AGN) activities (see, e.g., [9,10]). Radiative feedback played a particularly important role in the early Universe, influencing the modes and efficiency of star-forming episodes and their duty cycles [11].



Feedback dynamics in galaxies are intrinsically complex. They extend beyond the effects driven by SN explosions and stellar or AGN activities, which are essentially internal processes operating within or around a galaxy. A more complete scenario should encompass effects brought about by all agents that can facilitate the exchange of energy and momentum, including shared processes that operate between galaxies, their neighbours and their surroundings. Cosmic rays (CRs) serve this purpose well. They deposit energy and momentum as they traverse their parent galaxies, and they also deliver energy and momentum to neighbouring galaxies and their surrounding environments.



CRs interact with the magnetic and radiation fields of galaxies and participate in subatomic hadronic and leptonic processes. Their presence in galaxies is evident through observational signatures across the electromagnetic spectrum [12,13]. These CRs contain a substantial amount of energy, and their contribution to the energy budget in a typical galaxy is comparable to that contained by radiation, magnetic fields and thermal gas. They are therefore a significant ingredient in a typical galaxy, which can be amplified when CR accelerators are abundant (e.g., in star-forming galaxies; see [14]). Their presence not only modifies outflows from star-forming galaxies (see, e.g., [15]) but also drives global feedback processes within the broader galactic ecosystem (see [16,17]).



In this review, we provide an overview of the current state of understanding of CR processes in galaxies. We present a cross-section of recent progress in the field, particularly highlighting developments surrounding the feedback impact of CRs. We discuss the origins of CRs, their propagation through different components of galactic ecosystems, and their role in regulating thermal and hydrodynamic configurations of galactic environments. The scope of this paper focuses on scales from molecular clouds to the circumgalactic medium (CGM). We emphasize the implications of various CR process for galaxy evolution and star formation, examining the underlying interaction and propagation microphysics, as well as their observational signatures. This complements the recent review paper by Ruszkowski and Pfrommer [18], which provides a detailed introduction to the acceleration and transport physics of CRs, discusses their observable signatures and dynamical impacts, and includes a pedagogical review of the physics of CR feedback from the scales of individual SNe and molecular clouds to the CGM and galaxy clusters. Our focus is primarily on the effects of persistent sources of CRs in galaxies, with detailed discussion of hadronic (pp and p γ ) interactions, including their application to stellar and galactic scale jet sources. We exclude burst-like or transient sources (e.g., neutron star–neutron star mergers,  γ -ray bursts, fast radio bursts or tidal disruption events) and restrict the scope of our discussion to CR sources and processes up to the scale of individual galactic ecosystems. We therefore exclude larger structures such as groups, clusters, and large, strong AGN jets (weak jets in radio-quiet AGNs that terminate at the scale of a kpc are considered in Section 4.1).



This review is arranged as follows: Section 2 introduces the relevant CR physics that underlies the subsequent discussions. Section 3 discusses the origins and impacts of CRs within the interstellar medium of galaxies. Section 4 considers CR processes in high-energy environments, with a particular focus on systems associated with relativistic jets on galaxy scales or smaller. Section 5 discusses CRs in individual galaxies and galactic ecosystems, including the CGM. Finally, Section 6 presents our concluding remarks and discusses potential future research directions in light of new and upcoming observational and theoretical opportunities and developments.




2. Cosmic Ray Physics in Galaxies


2.1. Particle Transport


A simple prescription of CR transport that retains all essential physical aspects can be expressed in terms of the transport equation:


          ∂  ∂ t   −    ∇ ·  D ∇ − ( u +   v ¯  A  )   ︸   Term  1   −     ∂  ∂ p     p 2   D  p p    ∂  ∂ p    1  p 2     ︸   Term  2   +     ∂  ∂ p     p ˙  −  p 3       ∇ ·       ( u +   v ¯  A  )    ︸   Term  3     ψ X            =  Γ X  −  Λ X   ψ X   ,     



(1)




where the differential particle density of a CR species  X  per unit of momentum p is written as   ψ X  .   Γ X   is a source term, describing the injection of CRs of species  X . This may include primary CRs accelerated in a population of sources, or secondary CR species produced by interactions of parent nucleons.    Λ X   ψ X    is an absorption term. It describes stochastic interaction events that result in the destruction or absorption of a particle. It can also be used to describe catastrophic energy losses, where a substantial fraction of the energy of a particle is lost in a single interaction event.



Term 1 in Equation (1), accounts for the spatial transport of the CR distribution. This includes diffusion, specified by the spatial diffusion coefficient D. It also includes advection of CRs in a background bulk flow of velocity u. Under advection, the total propagation speed of the CRs is be   ( u +   v ¯  A  )  . This is the sum of the background fluid velocity u that is carrying the CRs, and the effective velocity of CRs in their local medium. The main source of scattering between CRs and their surrounding plasma is their interaction with magnetohydrodynamic (MHD) waves. This is dominated by CR scattering in Alfvénic waves, which are driven by the CR gyro-resonant streaming instability. Assuming that the resonant waves are sufficiently energetic, the strong scattering of the CRs practically limits their velocity to the mean Alfvén speed     v ¯  A  ≈  〈 |   B 0   | 〉  /   4 π  n i   m i     , averaged over the direction of motion of the waves (see, e.g., [19]). This provides a good approximation to their local effective velocity. Here,   n i   and   m i   are the mass and number density of the background ions, respectively. Term 2 describes the momentum diffusion of the CRs. This is usually dominated by diffusive re-acceleration, characterised by the energy-dependent momentum-space diffusion coefficient   D  p p   . Term 3 describes the momentum variation of CRs due to gains or losses, including those associated with the movement of the CR fluid and advection (e.g., adiabatic losses). In most galactic scenarios of interest we will discuss in this paper, this term is dominated by particle cooling processes.



The precise physics that is introduced to each of the terms in Equation (1) depends on the CR species being considered,  X , and the exact configuration of the local medium. In the context of a galaxy, it is usually sufficient to consider only CR protons and electrons (including any collisional processes that convert one species into another—for example, hadronic interactions). Diffusive re-acceleration processes (term 2) may also often be neglected away from CR sources. Moreover, some parts of the interstellar medium (ISM) are not subject to significant bulk advective flows or strong turbulence (see [20] for examples of such simplifications). These factors allow for the considerable simplification of the transport equation. In many scenarios, analytic or semi-numerical solutions can often be constructed which offer a meaningful description of the dominant physics. In cases where more complex approaches are required to properly capture the subtle details of CR transport, more sophisticated numerical CR propagation and interaction codes are used to solve Equation (1) without invoking certain assumptions (e.g., see [21,22,23,24]). Many of the subtle effects handled by these codes fall outside the scope of this review. However, those that are essential to consider for the global evolution of galaxies are discussed in the following sections.



2.1.1. The Resonant Cosmic Ray Streaming Instability and Self-Confinement


In free space, CRs propagate by streaming at close to the speed of light c. However, in magnetized, ionized media, they are scattered by MHD waves. In the presence of CRs streaming at speeds faster than the local Alfvén speed, MHD waves become unstable to growth. Resonant wave modes corresponding to the gyro-radius of passing CRs are rapidly amplified. This is the resonant mode of the CR streaming instability [25].1 It strengthens CR scattering effects leading to highly non-linear, and locally isotropic CR propagation. CRs are slowed down to the local Alfvén speed and efficiently confined (the self-confinement picture). A dynamical coupling between the CRs and their background plasma is also established, where the medium can be altered by non-thermal pressure gradients associated with the CRs. It can also be heated by CR energy transferred to MHD modes which then undergo damping (see Section 2.1.2).



In the Galactic context, the resonant CR streaming instability has been shown to produce observed breaks in the CR spectrum [20,26], while the self-confinement effect can set the CR transport physics within the Galaxy (for reviews, see [27,28]). An alternative model of CR transport has also been considered, called the extrinsic turbulence picture. In this scenario, CRs also interact resonantly with the turbulence. However, instead of scattering off waves that have been amplified by the resonant streaming instability, they scatter off pre-existing waves formed by turbulent cascades. In this picture, CR propagation is practically reduced to advection with the background gas, and results in no overall energy transfer between the CR and thermal fluids [29].2




2.1.2. Magnetohydrodynamic Wave Damping and Implications for Cosmic Ray Propagation


In the self-confinement picture, the growth of MHD modes is balanced against damping processes. If damping is severe, the growth rate of CR streaming instabilities is moderated. In extreme cases, damping can prevent the growth of MHD modes entirely. More typically, it operates to limit the CR streaming instability and regulates the amplitude of Alfvén waves that develop. This determines the strength of CR scattering and confinement, and sets the effective diffusion speed for CR transport [30]. The effectiveness of self-confinement and individual damping processes depend on the local conditions and CR energy. In the ISM, the main damping mechanisms often considered are non-linear damping, and ion-neutral damping. In non-linear damping, a turbulent cascade develops in wave-wave interactions, leading to dissipation at small scales. Ion-neutral damping instead arises from collisions between neutral particles in a semi-ionized medium, and the ions that are coupled to the MHD waves. Individual collisions transfer kinetic energy from the ions to neutral particles, which damps MHD waves and thermalizes their energy into the background medium.



Ion-neutral damping is more severe at longer wavelengths and in regions of higher density with a low ionization fraction. It is the dominant means of moderating the growth of MHD modes in most components of the ISM [20], with particular suppression expected in molecular clouds (except for waves that are resonant with CRs of very high energies, above a few TeV [20]). Other damping mechanisms have also been considered. For example, Coulomb collisions can affect MHD waves in ionized or partially ionized media. In highly ionized ISM phases, simulations have demonstrated they can suppress pressure anisotropies and boost the magnetic field amplification [31]. Dust grains in the ISM have also been shown to damp Alfvén waves. This is more severe in well-ionized parts of the ISM, where CR diffusion can be noticeably enhanced in the presence of dust compared to the standard self-containment picture [32].3




2.1.3. The Non-Resonant Cosmic Ray Streaming Instability


The non-resonant streaming instability (NRSI) arises when a flux of CRs passes through a plasma.4 Their current generates magnetic perturbations, which impart a force into the background field. These drive velocity fluctuations and induce an electric field. The electric field amplifies the magnetic perturbations, creating a feedback loop to cause MHD wave growth. The wavelengths most affected are generally much shorter than the CR gyro-radius. Their growth rate can be very large in some situations, particularly when the CR velocity or abundance is high or the magnetic field is strong. However, wave growth does not occur when the effective CR velocity is below a critical value,    v NR  = c  U B  /  U CR    [20], where   U B   and   U CR   are the energy densities of the magnetic fields and CRs, respectively. The NRSI therefore only operates in certain situations. In typical ISM conditions it is inconsequential. However, it is important for shocks propagating in the cold ISM [34]. These may arise in an isolated SN remnant (SNR) during its first   ∼  10 4    yr [35,36]. For SNR shocks propagating in a hot super-bubble, a modified form of the NRSI may also operate when CR densities are high (about 1000 times that of the Galactic ISM), or if the magnetic field in the bubble is below a few  μ G [37]. In this case, the growth of the non-resonant instability may be weaker [34,38,39].



Conditions where the NRSI is important are typical of those often associated with CR sources (see also Section 3.1.1 and Section 3.1.3). The NRSI has been shown to be essential for accelerators to attain the maximum observed CR energies (see [40,41] for recent reviews). Specifically, it can account for the fast growth of MHD waves around SNR shocks [42], and can produce the inferred strong magnetic fields needed for CR acceleration up to PeV energies (see, e.g., [43], or [44] for a review). The wavelengths most strongly amplified by the NRSI are much shorter than the CR gyro-radius. This means they do not effectively scatter CRs, and cannot contain them to sustain their acceleration unless the waves amplified by the NRSI undergo an inverse-cascade to larger modes. The mechanism underlying such an inverse cascade is currently unsettled, although some proposals have noted that the dominant wavelength in the non-resonant instability increases with time, in proportion to    ( δ B /  B 0  )  2   [45]. This could boost CR scattering and containment if the inverse-cascade timescale is shorter than advection.



The NRSI may operate in conjunction with the resonant streaming instability. For example, in the region surrounding CR sources, the excitation of both resonant and non-resonant modes enhances scattering and produces strong CR pressure gradients [46]. These pressure gradients can drive the formation of CR-dominated bubbles of gas and self-generated magnetic fields. They expand in to the ISM until reaching pressure balance with the surrounding medium, typically at sizes of a few 10s of pc [47]. Within the bubbles, CR diffusion is suppressed [46]. If this suppression is sufficiently severe, CRs can become trapped within these structures [48].





2.2. Particle Interactions


CRs are inhomogeneous collections of particles consisting of atomic nuclei, bare baryons and mesons, leptons and ultra-relativistic particles such as neutrinos. Here we put focus on the CR particles involved in collisional and/or hadronic interactions. This is because they carry the greatest energy density and momentum, and are most strongly engaged with feedback processes in galaxies. Leptonic CRs are primarily composed of electrons and positrons. Since both electrons and positrons undergo similar interactions, we refer to them collectively as “electrons” hereafter for convenience. Within galactic environments, electrons experience collisional ionization interactions, free–free cooling, and radiative cooling processes in photon and magnetic fields. Typically, electrons lose their energy rapidly and are less involved in transport throughout galactic ecosystems. Instead, they are more important in mediating energy deposition processes, such as thermalization.



Hadronic CRs are primarily protons, although heavier nuclei are also present. The dominant interaction mechanisms for heavy nuclei in galactic ecosystems are essentially the same as those for protons. At low energies, below a few hundred MeV, collisional and ionization processes serve as the predominant channels of interaction. However, at GeV energies and above, p γ  (proton–photon) and pp (proton–proton) processes can become important. These processes result in the rapid production of electrons, neutrinos, and high-energy photons through pion formation. They play a role in transferring energy from a non-thermal hadronic CRs to thermal gas by the formation and thermalization of secondary CR electrons (e.g., [14,49]). Hadronic CRs, from protons to heavy nuclei, are engaged in pion-producing interactions and Bethe–Heitler pair production in radiation fields. Despite the variations in the nuclei of a CR ensemble, their fundamental hadronic interaction processes remain the same. Therefore, without loss of generality, we illustrate these interactions using free protons (p) as a representative example of high-energy hadronic CR interactions in matter (baryon) and radiation (photon) fields.



2.2.1. pp Interactions


The pp interaction between CR protons and baryon leads to the following dominant pion production channels:


     p + p →         p  Δ  +     →      p p  π 0   ξ 0   (  π 0  )   ξ ±   (  π +   π −  )        p p  π +   π −   ξ 0   (  π 0  )   ξ ±   (  π +   π −  )        p n  π +   ξ 0   (  π 0  )   ξ ±   (  π +   π −  )                n  Δ  + +   →      n p  π +   ξ 0   (  π 0  )   ξ ±   (  π +   π −  )        n n 2  π +   ξ 0   (  π 0  )   ξ ±   (  π +   π −  )             .     



(2)




Here,   ξ 0   and   ξ ±   are the multiplicities for neutral and charged pions, respectively. The   Δ +   and   Δ  + +    baryons are the resonances (see [50,51]). This interaction operates above a threshold energy of    E p th  =  ( 2  m  π 0   +  m  π 0  2  / 2  m p  )    c  2  ≈ 0.28  GeV  , which is the proton energy required for the production of a neutral pion through the channel   p p → p p  π 0   .



The branching ratios across all relevant channels for the production of each pion species   {  π +  ,  π −  ,  π 0  }   is   { 0.6 , 0.1 , 0.3 }   at 1 GeV. At higher energies, this levels out to   { 0.3 , 0.4 , 0.3 }   [52]. Overall, approximately 30 percent of the total interaction energy is transferred to neutral pions, while the remainder goes to charged pion production. The neutral pions predominantly decay into two photons through an electromagnetic process:


     π 0     → 2 γ  .     



(3)




It has a branching ratio of 98.8 percent and occurs over a timescale of   8.5 ×  10  − 17    s   [53]. The charged pions decay into electrons and neutrinos through a weak interaction:


     π +     →  μ +   ν μ  →   e  +   ν e    ν ¯  μ   ν μ         π −     →  μ −    ν ¯  μ  →   e  −    ν ¯  e   ν μ    ν ¯  μ   .     



(4)




These channels have a branching ratio of 99.9 percent and occur over a timescale of   2.6 ×  10  − 8    s   [53]. Around 3/4 of the energy is inherited by neutrinos in these decay processes. The remainder is transferred to the secondary electrons.



The total inelastic cross-section and formation of secondary products in the pp interaction has been extensively investigated. Monte Carlo (MC) event generators have been developed, which simulate high-energy collision events to give a precise description of hadronic interactions in light of new accelerator data, including from the Large Hadron Collider (LHC). These generators handle complex calculations and predict many quantities that show good agreement with experimental data (e.g., [54]). Several classes of these MC event generator codes exist. General purpose examples include HERWIG [55], SHERPA [56], GEANT4 [57,58,59] and PYTHIA [60,61,62], which include both Standard Model and beyond Standard Model physics. Other codes include particularly sophisticated high energy hadronic physics models. These include Phojet [63], DPMJET [64] and EPOS [65]. Other types of MC codes specialize in air shower simulations, and are particularly concerned with high energy secondary particle production. These include SIBYLL (e.g., [66,67,68,69]) and QGSJET [70,71], and can be widely useful to inform models of secondary particle production in astrophysical applications.



To reduce computational requirements, parametrizations based on pp interaction MC event generators have also been developed. These provide analytical descriptions of key quantities such as the total inelastic cross-section and  γ -ray production spectra [72]. Some parametrizations also include inclusive production spectra of secondary electrons and neutrinos [73,74], making them versatile alternatives to expensive numerical computations. Interpolated codes have also been created to provide these parametrizations as user-friendly computational tools (e.g., [75,76]). While these parametrizations are suitable for use in a wide range of astrophysical settings and bypass the need to conduct intensive numerical calculations for pp collisions, they are also inherently limited. In particular, they integrate out intermediate particles in interaction and decay chains, and so do not accurately capture rapidly time-varying systems or situations where conditions lead to noticeable cooling of secondary intermediaries. Therefore, careful consideration should be given to the suitability of these parametrizations in more extreme or highly transient situations.




2.2.2. p γ  Interactions


p γ  processes are less straightforward to model. In many astrophysical environments, the contribution of the target photon field to the total interaction energy cannot be neglected. As such, p γ  interaction calculations depend on both the energy of the CR protons involved in the interaction, and the energy distribution of the target photon field. p γ  interactions can be categorized into photo-pion production and Bethe–Heitler pair production interactions. Photo-pion production, similar to pp interactions, can generate various hadrons, including charged and neutral pions, neutrons, and protons. On the other hand, photo-pair production predominantly results in the formation of electron–positron pairs. It can also produce higher-energy lepton pairs such as muons and anti-muons. These higher-mass lepton pairs can subsequently decay into electrons and positrons, with neutrinos as a by-product.5



Photo-pion production occurs when incident protons collide with the photons of a radiation field. The dominant interactions in photo-pion production are resonant single-pion production, direct single-pion production, and multiple-pion production [78]. Although other processes such as diffractive scattering can arise, they are generally less significant. The total cross-section of photo-pion production is therefore the sum of the cross-sections of these three main interactions. Resonant single-pion production occurs through the formation of   Δ +   particles. These decay through two major channels that produce charged and neutral pions (see [79]):


     p γ →  Δ +  →      p  π 0  → p 2 γ       n  π +  → n  μ +   ν μ         ↳   e  +   ν e    ν ¯  μ        .     



(5)




The branching ratios for the    Δ +  →  π 0    and    Δ +  →  π +    channels are 2/3 and 1/3, respectively. Direct pion production is less efficient. While single-pion production dominates at lower energies, at higher energies multi-pion production becomes important (see [78]).



Some neutrons form in the process as given by Equation (5). These have a half-life of about 880 s [80]. If they do not first collide with other particles or photons, they undergo   β −  -decay,   n → p   e  −    ν ¯  e   . They may instead undergo further interaction with the radiation field. This leads to additional  p  and   π −   production,


     n γ →  Δ 0  →      p  π −        n  π 0        ,     



(6)




with branching ratios of 1/3 for the    Δ 0  →  π −    channel, and 2/3 for the    Δ 0  →  π 0    channel [81]. When taking the additional charged pions produced in the residual interactions into account (including   p γ →  Δ  + +    π −  ,  Δ 0   π +   ), each of the pion species are produced in roughly equal proportion (e.g., [82]).



p γ  interactions in astrophysical settings can be accurately modeled using MC event generator software, such as SOPHIA [78,83]. This provides a comprehensive framework to thoroughly study p γ  interactions, taking into account detailed cross-section data. Alternatively, to alleviate computational demands, self-consistent models are available that simplify the treatment of interaction kinematics, but adopt the same underlying particle physics as SOPHIA [81]. These models account for the production of the  Δ -resonance and higher resonances, multi-pion production, and direct pion production. By separately calculating the contributions of pion intermediaries without integrating out secondaries, they preserve the essential particle physics involved. In situations where the retention of this detail is unnecessary and computational efficiency is a priority, analytical parametrizations for p γ  interactions have also been developed (e.g., [84]).




2.2.3. Comparison between pp and p γ  Channels in Galactic Environments


In Figure 1, the relative importance of pp and p γ  interactions is estimated by comparing the energy loss path lengths of CR protons in different galactic environments. These environments are characterized by parameter values listed in Table 1, and include various components of the ISM of our Galaxy, as well as average conditions expected in starburst galaxies, cosmic noon galaxies, and high-redshift protogalaxies. In all of these cases, it can be seen that pp interactions dominate over p γ  interactions at most energies. The  p γ  channel only becomes important at CR energies above ∼   10 7    GeV, with the exact transition energy being strongly influenced by the specific physical conditions. The number of CRs at these energies is generally very low. It may therefore be considered that the p γ  interaction only has a negligible involvement in CR feedback in galaxies. Instead, the pp interaction is most involved in regulating the impacts of hadronic CRs in galactic ecosystems.






3. Cosmic Rays in the Interstellar Medium


3.1. Origins of Cosmic Rays in Galaxies


CRs originate in violent, magnetized astrophysical environments. Within galaxies, core-collapse (CC) supernovae (SNe) and their remnants have traditionally been regarded as the dominant factories of CRs  (see [96]). This view has been particularly motivated by energy budget arguments, with SNRs among only a few candidate source types that can sustain the observed energy flux of CRs in our Galaxy (e.g., [97,98]). In recent years, the SNR source paradigm has been increasingly challenged. The capability of stellar end products to inject Galactic CRs with the required spectra and chemical abundances to match the observed properties of CRs has become less certain. Moreover, the  lack of clear detections at the highest energies in  γ -rays casts doubt on the capability of SNRs to supply all of the observed CR flux detected on Earth (for an overview of these challenges, see [99]). New types of object have therefore been considered, including star-forming regions and star clusters. These have enjoyed an increasing bank of recent observational support. They have been firmly established as the origins of at least some CRs in galaxies, and  have even been proposed as an alternative to SNRs as the dominant source in the Milky Way. Our understanding of the origins of CRs in galaxies has developed considerably in recent years. This section provides an overview of the current status of the field, including the main CR source candidates being discussed and developments arising from new observational insights at near-PeV energies.



3.1.1. Stellar End-Products


SNe in our Galaxy occur at an approximate rate of once per ∼35 years [100] and are natural candidates as CR sources. CC SNe harbor particularly favourable conditions for particle acceleration. These include strong, fast magnetized shocks and an abundance of seed particles in the ionized circumstellar medium (CSM). If invoking SNe and their remnants as the only source of CRs in the Galaxy, they must convert around 10 percent of their energy into CRs to sustain the observed level of the Galactic CR “sea” (e.g., [101]). This required efficiency is relatively high. However, it has been shown to be feasible under strong diffusive shock acceleration scenarios (e.g., [40]). CC SNe produce fast shocks that interact with the dense CSM of the progenitor star. Accelerated CRs may be accumulated at these shocks, where they can strengthen magnetic fields through streaming instabilities ahead of the shocks. The NRSI (see Section 2.1.3) can be particularly important to amplify magnetic fields in the up-stream region. This mainly happens within a few days of the shock breakout [102,103]. The strengthened up-stream magnetic fields boosts CR containment and acceleration efficiency [102]. SNe classes hosting extended shocks, for example type IIb SNe, can experience particularly strong magnetic amplification by this mechanism.



The maximum energy CR acceleration processes can attain in an expanding SN shell may be estimated from the shock velocity   v sh  , the size of the shell   r sh  , and its mean magnetic field strength,   〈 | B | 〉  :


   E max  ∼ 1     r sh  pc       v sh   1000    km s   − 1          〈 | B | 〉   μ G     TeV  ,  



(7)




(e.g., [99,104]). This indicates that SN shells can accelerate CRs to 1–10 TeV energies with typical CSM magnetic field strengths and shock velocities. To reach energies in excess of 1 PeV, fast (   v sh  ∼  10 4    km s    − 1   ), extended shocks pervading a dense CSM are required. Resonant [25,105] and non-resonant [42,106,107,108] CR streaming instabilities can then build-up the magnetic field to 10 s of  μ G ahead of the shocks in these circumstances. Such strengths have been observed in young SNR shells (see [109] for a summary). These requirements highlight type IIn SNe as viable candidate accelerators capable of operating up to PeV energies [102,110]. In these systems, CR acceleration would start before the shock breakout. A radiatively dominated shock is initially launched through the hydrostatic core of the progenitor. This propagates outwards to the outer layers of the stellar core, where radiatively dominated shock is replaced by a collisionless shock [111,112,113,114]. Diffusive shock acceleration is then possible. However, it has been considered that the formation of a collisionless shock occurs significantly before breakout in some optically thick winds [115] for particles with gyro-radii greater than the shock width [116,117].



Remnants of SN explosions have also been regarded as an important source of CRs in galaxies. In SNRs, CRs can be accelerated to a few PeV at the transition between the free expansion phase and the Sedov-Taylor phase, within 100–1000 yr after the explosion (corresponding to the Sedov time; see [118]).6 Particle escape generally arises from the slow-down of the SNR shocks as circumstellar gas is swept up during the expansion. As the shock becomes slower, it eventually falls below the diffusive propagation speed of the CRs. The CRs then begin to diffuse away upstream ahead of the shock, and the probability of their return from the upstream direction for further acceleration gradually reduces. Eventually the CRs are no longer coupled with the shock [120]. As particle diffusion is energy-dependent, more energetic CRs diffuse faster and escape from the SNR earlier. Evidence of this can be seen in spectral breaks from SNRs observed in  γ -rays (e.g., [121]). From Equation (7), it can be seen that the maximum energy an SNR can attain will reduce over time as the shocks slow down.



The accumulated swept-up CSM gas can form a massive shell around the SNR. The dense gas in the shell acts as a target for pp collisions with the accelerated CRs. This can generate  γ -ray production from the decay of neutral pions that form in pp interactions (cf. Section 2.2), which has been detected around some SNRs (e.g., [121,122]). However SNe with such a dense CSM that can be detected in  γ -rays may not be common [123]. The high-energy emission from many SNRs is often instead attributed to the interactions of escaping CRs with nearby molecular clouds (e.g., [124,125,126,127,128,129]). Observations of SNR shells at other wavelengths are more informative. In addition to  γ -rays, hadronic pp interactions also generate secondary leptons. These radiate synchrotron emission [130,131]. Together with contributions from primary electrons accelerated by the SNR shocks and/or by turbulent magnetic fields that develop in the vicinity of the shocks [96], this emission has been detected at high radio frequencies through to X-rays around young and middle-aged SNRs [43,96,132].




3.1.2. Star-Forming Regions, Star Clusters and Super-Bubbles


Recent studies have put a renewed focus on systems other than SNe and isolated SNRs as the origin of CRs in galaxies. This is motivated by differences between the spectra of accelerated particles at SNR shocks and the observed CR spectrum on Earth, as well as difficulties in accounting for the CR electron-to-position ratio under an SNR source scenario (for reviews, see [99,133,134]). Star-forming regions, including young massive stellar clusters and associated super-bubbles have emerged as particularly promising candidate source populations. Star-forming regions hosting massive stars can develop powerful winds. Their massive stellar populations can also rapidly produce SNe. The wind termination shocks, and the shocks associated with the SNe can act as CR accelerators. Star-forming regions have been recently observed in  γ -rays. The Cygnus region has taken centre-stage in many of these observational enquiries, and has perhaps provided the strongest evidence to support hadronic CR acceleration in stellar clusters (e.g., [135,136,137,138]). Particularly notable is the emission associated with Cygnus X. This region includes many young star clusters and OB associations [137], and hosts the Fermi Cocoon super-bubble which has been detected up to ∼1.4 PeV [135,136,138,139] with the Cygnus OB2 star cluster likely being the origin of the CRs that produce this emission [109]. Additional studies include observations towards W43 [140], Westerlund 1 [141,142], Westerlund 2 [143], the Carina Nebula Complex [144], the Aquila Rift and some giant molecular clouds hosting star-formation in the Gould Belt [145] ( ρ  Ophiuchus and Cepheus). These studies confirm the role of stellar clusters and star-forming regions as particle accelerators, and demonstrate their capability to operate up to energies well-above a TeV.



The confluence of the shocks and dense winds in tight clusters of star-formation can be particularly important CR factories [146,147]. In younger stellar clusters, where an SN event has yet to occur, CR acceleration arises at wind termination shocks. If the cluster is compact, the confluence of winds is decelerated at a spherical termination shock. In looser clusters, this confluence does not generally arise, and each star develops its own wind termination shock. Older stellar clusters are expected to accelerate CRs through a radically different mechanism. They reside in a super-bubble, which is subjected to the recurrent SNe from the stellar cluster. These super-bubbles are regions of hot (  T >  10 6   K  ), low-density (  n <  10  − 2      cm   − 3    ) highly turbulent gas carved out by the winds and SN explosions of associations of OB stars, surrounded by a dense communal shell of swept-up ISM gas. The gas internal to the bubble is a combined mixture of chemically enriched SN ejecta and stellar wind material, as well as residual ISM gas [148]. Within these super-bubbles, particles are accelerated more intermittently, and the process can be more complex than in isolated sources. Acceleration happens either in the collective stellar winds, in individual SNe and SNRs [149,150], at the confluence of the shocks and weak reflected shocks from SNRs, in the turbulent medium7 inside the bubble [149,151,152,153,154,155], or at the boundary of the bubble. Winds from Wolf–Rayet (WR) stars may also contribute [156,157], with enriched WR wind material being accelerated at stellar wind termination shocks [158]. The wind termination shocks in super-bubbles have been shown to be capable of accelerating particles up to PeV energies [153,159,160].



Stellar clusters as CR sources provide a more natural explanation of CR chemical composition trends in the ISM (for brief reviews, see [134,161]). Notably, they produce elemental abundances consistent with a mixture of primordial and enriched material. This is thought to originate from a seed ISM composed of primordial solar composition material enriched with material from stellar outflows and ejecta [162] and a parent plasma of hot gas [163]. More subtle indications from CR abundance measurements also lend support to a super-bubble origin. For example, the high abundances of CR refractory elements compared to volatile elements [162,164,165] is consistent with dust grains being entrained from the ISM, as would be expected around super-bubbles. These undergo very effective acceleration at shocks due to their typical high charge to mass ratio. Dust erosion by sputtering at high velocities releases refractory species into the shock. These have the same velocity of the primary dust grain, and are injected directly into the acceleration process independently of their mass-to-charge ratio [166,167]. A super-bubble origin also provides more consistent predictions for the abundance ratio of B and Be in the observed composition of CRs. If their origin is associated with the ISM, these elements are expected to increase in proportion to metalicity (traced by O abundance), following general enrichment trends of the ISM driven by SNe. However their observed increase with the square of O abundance is instead consistent with Be and B being produced by spallation reactions with CRs accelerated out of the ISM, and then interacting with the ISM itself [168,169,170].8




3.1.3. Searching for PeVatrons


The identification of Galactic CR origins above a PeV presents a particular challenge. Around this energy, the CR flux we receive on Earth transitions from mainly Galactic in origin, to extra-galactic. This is marked by a steepening of the CR spectrum at a few PeV (the so-called knee [171,172]; for an overview of efforts to resolve this spectral feature, see [173]). It is unclear whether this observed steepening is due to the extra-galactic source transition, the effects of different convolved source spectra, or a feature resulting from the competition of different energy-dependent transport effects (e.g., [174,175,176]). Moreover, it may be dependent on the CR species, with recent indications that a knee arises for lighter CR species at slightly lower energies of around 0.7 PeV [177]. However, the existence of a spectral feature marking the transition to extra-galactic CRs is theoretically expected. This can be understood by a comparison between the size of the Galactic halo size or disk thickness (of order a few kpc) with the CR gyro-radius in a ∼  1  μ G   magnetic field, characteristic of the average magnetic field strength in the ISM. At a few 10 s of PeV, this gyro radius is    r gy  ∼ 1.1    E p  /  10  PeV     B /  1  μ G    − 1    kpc  . CRs of lower energies than this would mainly be confined within the Galaxy by its magnetic field. This means that the bulk of observed CRs up to the knee must be supplied by sources within the Milky Way.



A range of plausible candidate source populations can be considered as the potential origins of Galactic PeV CRs (cf. the Hillas criterion [104]). These meet the requirement of being able to accelerate CRs to a PeV. However, this is not sufficient to claim that they are the origin of the bulk of the PeV CRs we observe on Earth. Indeed, nearby well-studied pulsar wind nebulae systems like the Crab nebula have been found to accelerate CR particles to PeV energies [178], yet it remains unsettled whether systems like the Crab could be a dominant source of most of the hadronic Galactic CRs at 10–100 PeV (see [178,179,180]). This has motivated the search for CR accelerators operating to PeV energies, called PeVatrons, which are capable of sustaining the detected abundance of PeV CRs.



Without an unambiguous determination of the dominant population of Galactic PeVatrons, several possibilities have been considered. Some of these are supported by observational studies, indicating that SNRs (originally proposed by [181]), the supermassive black hole in the Galactic Center (see, e.g., [182]), pulsars (e.g., [183]), highly collimated micro-quasar jets [184], and young massive stellar clusters (e.g., [154,185]) could all be plausible PeVatrons. Interest has particularly increased recently in young star clusters due to the steady increase in the observed associations between star clusters/super-bubbles and high energy  γ -ray sources [136,137,140,186,187,188]. It has been suggested that these sources may even be a dominant source population for the highest energy Galactic CRs [185]. Acceleration in fast SNR shocks expanding in the collective wind of a compact cluster may be one mechanism to reach energies well above a PeV [189]. However, sufficiently powerful SN explosions to yield the necessary fast SNR shocks in these systems are rare [190] (see also the overview in Ref. [161]), and it remains unsettled whether CR energies can be attained that are sufficient to account for the Galactic CR flux above a PeV [150,160]. Shocks around isolated SNe have also been considered. However, the requirement for shock velocities of around 40,000 km/s [191] to reach PeV energies is challenging to achieve. Moreover, it remains unclear whether the non-resonant instability can sufficiently amplify the CSM magnetic field up-stream of most CC SN shocks to sustain PeV CR acceleration.



When discerning the origin of Galactic CRs, the search for hadronic PeVatrons is arguably more pressing than leptonic ones. This is because most of the Galactic CR flux is comprised of hadrons. Moreover, leptons typically experience severe energy losses and generally would not be able to survive substantial propagation through the ISM to sustain a CR sea. This makes their origin a more local question.9 Hadronic CR accelerators should yield signatures in  γ -rays persisting to higher energies (from   π 0   decays) and neutrinos (from   π ±   decays), while leptonic accelerators can only produce electromagnetic emission. It is likely that neutrino emission from hadronic PeVatrons arises at levels that are below detection thresholds of current instruments (for discussion, see, e.g., [193]). Firmly establishing source candidates as hadronic will therefore rely on neutrino detections with up-coming and proposed facilities [194,195,196,197]. Present observational efforts to discriminate between hadronic and leptonic PeVatrons instead focus on their  γ -ray emission above ∼50 TeV. At these energies, Klein-Nishina suppression considerably reduces the efficiency of leptonic  γ -ray emission. To date, a number of  γ -ray sources have been detected in this energy range. Tibet-AS γ  has reported  γ -rays with energies between 100 TeV and 1 PeV in the Galactic disk [198], and nine sources have been detected above 56 TeV with the High Altitude Water Cherenkov Observatory (HAWC), including three up to 100 TeV, and 12 above 100 TeV with the Large High Altitude Air Shower Observatory (LHAASO; [136]).10



The 12 LHAASO sources detected above 100 TeV (which include the three detected above 100 TeV by HAWC) have been considered as PeVatrons [200]. The majority of them have plausible associations with energetic pulsars (   E ˙  ≳  10 36    erg/s) and known counterpart very-high-energy (VHE) sources. Pulsar wind nebulae are predominantly leptonic accelerators, for which the Klein-Nishina effect causes an abrupt cut-off at the highest energies [201]. However, it has been demonstrated that the energy density of high radiation environments can compensate this effect somewhat, such that even leptonic scenarios may account for  γ -ray emission at ∼100 TeV [202]. LHAASO J2032+4102 associated with the Cygnus region is a promising case as evidence for PeVatron activity by young stellar clusters, laying claim to the highest energy photon measured at   1.42 ± 0.13   PeV. The vicinity of the Boomerang nebula, LHAASO J2226+6057 (also detected by Tibet-AS γ  [203]) was recently studied in detail with the MAGIC telescopes, exhibiting intriguing energy-dependent morphology. As the location of the emission seems to shift within the SNR G106.3+02.7 with energy, there are indications to support a scenario where high energy particles escape the source and travel further in the surrounding medium [204].



Two sources that do not appear to have a known energetic pulsar counterpart are LHAASO J1843-0338, plausibly associated with the SNR G28.6-0.1, and the enigmatic source LHAASO J2108+5157; the only source to be first discovered at the highest energies. To date, coincident molecular material as been found at the location of the latter [205,206], potentially indicating that energetic particles are hadronic in nature, yet no accelerator has as yet been identified in the vicinity [207].11 Within a scenario whereby the particles accelerated to the highest energies escape the accelerator, travel through the intervening ISM and subsequently interact with target material such as molecular clouds, one may anticipate a population of such ‘passive’ sources emerging at the highest energies. Future studies from surveys at the highest energies, including LHAASO, HAWC and the forthcoming Southern Wide-Field Gamma-Ray Observatory (SWGO) covering the Southern sky, may be able to shed further light on these phenomena [209].



Detected  γ -ray sources may not (yet) be able to account for the full budget of Galactic CRs and may not even be hadronic (e.g., [210]). Indeed, it has recently been speculated that some hadronic PeVatrons may not yield observable  γ -ray signatures at all. Instead, Ref. [211] discussed how they may be too thin in column density for CR hadronic interactions to take place within them at detectable levels. The accelerated CRs then simply escape without local interactions or discernible electromagnetic signatures. Alternatively, they may be too thick in matter or radiation density that CRs cannot escape. In this case, the CRs may be attenuated locally by pp or p γ  interactions (see also Section 2.2), or  γ -rays are produced but are attenuated by pair-production with low energy photons in the SN photo-sphere (e.g., [212,213,214]). However, it is possible that a larger population of weaker hadronic PeVatrons falls below detection limits for current  γ -ray observatories, and more sources will emerge as integration times increase—particularly with the advances to be made in the 100 TeV domain using the new generation of  γ -ray facilities.





3.2. Cosmic Rays in Diffuse Interstellar Media


3.2.1. Magnetohydrodynamic Mode Damping and Implications for Cosmic Ray Propagation


In conditions typical of the Milky Way’s hot ionized medium (HIM), the resonant CR streaming instability operates efficiently. However, the growth of MHD waves driven by CRs of energies up to a few GeV is roughly balanced by damping processes [20]. For these modes, a steady state MHD wave amplitude is established. The CRs driving them will then experience diffusive propagation constrained roughly to the local Alfvén speed (cf. the self-confinement view; Section 2.1.1). This self-regulated view of CR transport coupled to MHD fluid treatments has been widely adopted in CR propagation simulations. Such studies can recover the characteristics of macroscopic CR transport in a steady-state limit [19], and have been used to inform larger scale simulations of galaxies (e.g., [215,216]). Some developments take additional consideration of CR transport variation in different ISM phases [216], where the dominant processes damping MHD wave modes may differ. For example, turbulent damping can dominate in the warm ionized medium, but ion-neutral damping is usually operates more quickly in weakly ionized molecular clouds [217]. This can lead to strong suppression of MHD turbulence [218] and less diffusive [219,220], faster CR propagation in these settings. However, recent  γ -ray studies have demonstrated that the situation may be more complex (see also Section 3.3.1). They have introduced new evidence that diffusive CR propagation persists within molecular clouds, at least down to the sub-pc clump scale below 10 GeV energies [221]. This may suggest damping processes operate less efficiently than expected in ISM molecular complexes, or that MHD wave amplification is more severe.




3.2.2. Cosmic Ray Heating Processes in the Ionized Interstellar Medium


The ISM of galaxies is inhomogeneous. The largest component is the HIM. This fills about half of the ISM volume in the Milky Way [85]. In other galaxies, it also comprises a substantial fraction of the ISM, but the exact filling fraction may differ according to local conditions [222]. HIM heating is generally efficient. It is driven mainly by starlight and shocks from SN explosions to sustain a temperature above ∼   10  5.5    K   and a high ionization fraction. By contrast, the low gas density means that cooling is inefficient, operating over timescales of Gyrs. The HIM of most galaxies is therefore in a runaway thermal state. The HIM of galaxies hosting a rich reservoir of CRs can be subjected to particularly powerful heating. If mediated by hadronic collisions, Coulomb thermalization of CRs can dominate [14]. By this channel, CRs can have a significant role in setting the thermal history of galaxies and their evolution (e.g., [223]).



The other major ionized component of the ISM is the warm ionized medium (WIM). In the Milky Way, this occupies around 10 percent of the ISM volume. In other galaxies, this fraction can be higher. It depends on local thermal conditions [222], and can be affected by CR pressure and transport [49]. The WIM is comprised of photo-ionized, photo-heated HII gas. It is typically held at a temperature of around ∼   10 4   K  , with cooling operating relatively slowly via optical line emission and free–free emission. Heating is supplied by photo-electrons and CRs, with CRs believed to be dominant. Their role in maintaining the thermal balance of the WIM has been considered in several recent works. This operates through Coulomb collisions of low energy CRs, below ∼100 MeV [224], Coulomb thermalization of secondary electrons via hadronic collisions [14,49], and the dissipation of MHD waves [224,225,226,227].




3.2.3. Cosmic Ray Effects on the Structure of Interstellar Media


CR pressure gradients and transport effects can modify gas structures within the ISM. This can have consequences for galaxy evolution, as the capability of dense star-forming clouds to develop can be changed. Resolving the relevant CR processes that regulate the phase configuration of a galaxy is therefore essential to properly establish their global feedback impacts. CRs have not been found to play a significant role in stellar cluster formation [228], and their direct impact on star-formation in molecular clouds is unsettled, with some studies reporting relatively moderate effects (over 100 Myr timescales [228]), while others have found more severe impacts may be possible in certain settings (e.g., in starburst galaxies [229,230]). Less direct effects on star-formation have been shown to be more consequential. For example, self-generated magnetic fields around CR sources can reduce CR diffusivity in large CR-inflated bubbles [46]. The accumulation of CRs and strong local pressure gradients prevent the formation of massive gaseous clumps in these regions [231] and a smoother ISM [232]. This frustrates the development of future stellar nurseries.



CR propagation through an established multi-phase ISM can also modify the potential for star-formation by disrupting the configuration of existing clouds. For example, CRs may propagate less diffusively in dense, relatively neutral structures like clumps and molecular clouds. As CRs decouple and experience higher streaming speeds in the semi neutral gas, the local CR energy density drops. This creates a CR pressure gradient at the cloud-ISM interface (sometimes referred to as the CR ‘traffic jam’ effect; e.g., [233]). This can be sufficient to collisionlessly generate waves that are able to overcome local damping mechanisms (e.g., ion-neutral damping) and exert a force on the cloud. It can accelerate [234,235,236] and reshape the cloud [233], and may even boost the gravitational instability to induce earlier collapse and trigger star-formation. Cloud compression can also be induced by the Parker instability,12 which is more severe and arises more frequently in the presence of CR streaming and self-confinement [237] (although the effects can be different depending on the CR transport model adopted [238]). This may increase star-formation. Conversely, the Parker instability is less severe if adopting an extrinsic turbulence model for CR transport [237], leading to suppressed star-formation and a more puffed-up ISM overall. These effects are expected to be particularly strong in starburst galaxies, where the Parker instability can grow more quickly [237].





3.3. Cosmic Rays in Molecular Clouds


3.3.1. Propagation


CR propagation in the ISM can generally be described as a combination of diffusion, ballistic streaming and advection (see Section 2.1). The balance of these processes depends on local conditions. In molecular clouds, advection in bulk flows is usually negligible. However, diffusion and streaming are important. In the warm, ionized envelopes around ISM clouds, CR diffusion can be highly variable. Coefficients have been inferred observationally to span at least four orders of magnitude in the Galaxy (e.g., [229,239,240]), with simulations indicating that no single value is suitable for different locations or for CRs of different energies [216]. In molecular clouds, clumps and cores, ion-neutral damping can be strong (see Section 3.2.1), with small-scale resonant MHD turbulence being damped entirely in dense cores (e.g., [241]). CR transport should therefore revert increasingly to ballistic streaming in these structures [219,220], which increases their effective speed. A local reduction in CR density and pressure then emerges [218,242,243], producing a CR deficient zone. Effects including modulation by electric fields from charges deposited by CRs (especially in regions of high electron-dominated ionization; see [244]) and magnetic mirroring [218,245,246,247,248,249] can then reduce CR density further, especially in multiple-peaked magnetic field structures (where mirroring and focusing effects do not cancel out [250]).



Although CR-deficient zones due to fast, less-diffusive propagation can account for observed trends in molecular clouds (e.g., anti-correlated CR ionization rate with density [251]), other possibilities have also been considered. Slow CR diffusion in dense star-cluster-forming clumps where stronger magnetic fields sustain turbulent motions [252] would also create a local deficiency of CR density if severe enough. In this scenario, the CR-deficient regions would be more accurately described as exclusion zones, as  it is harder for CRs to penetrate into them. A different possibility is that MHD turbulence on larger clump-scaled structures may support more moderate diffusive CR propagation. Such a scenario is not implausible. Below ∼100 MeV, CR absorption due to ionization processes can be severe, particularly on the scale of dense cores [253]. The CR flux in cloud interiors can therefore be severely reduced, by as much as two orders of magnitude, with the CR electron flux being especially affected [254]. The CR flux leaving a clump or core can then be much lower than that entering it. This introduces a flux difference able to sustain MHD turbulence and the generation of Alfvén waves via the streaming instability (e.g., [241,243]), which can be sufficient to enable some scattering and diffusive propagation. At >GeV energies, attenuation by hadronic interactions is possible. Gas densities associated with clouds are sufficient to cause strong CR attenuation (see Section 2.2). This leads to a reduction in CR density overall and is able to account for the  γ -ray ‘holes’ observed with Fermi-LAT below 10 GeV [221]. This level of attenuation may also be sufficient to sustain MHD turbulence at a level where some diffusive propagation is possible. A further possibility is that CR propagation may instead be suppressed in a small envelope region separating dense clumps from the larger diffuse cloud due to self-generated MHD waves [241,255,256]. This would hinder their penetration into the cloud, but boost signatures of their effects in the envelope region. Such an envelope may be challenging to be disentangle observationally.




3.3.2. Cosmic Ray Interactions in Molecular Clouds and Observable Signatures


CRs interact with molecular clouds through multiple channels, each of which can have distinct physical effects and produce different observable signatures. The dominant interaction process depends on the CR species, its energy and the local physical conditions within a cloud. Collisional ionization processes are caused by CRs of all species, and are particularly important at energies between 10 and 100 MeV [257]. They can modify the physical and chemical conditions deep inside clouds by maintaining a low level of ionization through the dense gas. This ionization sustains a coupling between the gas and magnetic field, with implications for the cloud dynamics [258]. It also drives rich astrochemical networks, initiated by the production of H   +   and H   2 +   ions. These lead to the formation a wide selection of molecular ion species that have accessible transition lines at sub-mm wavelengths.



H   2 +   rapidly reacts with H   2   to produce the H   3 +   ion. This can be directly detected to infer the local CR ionization rate along a line of sight (e.g., [259,260,261]). By using this ion, observations with the Atacama Large Millimeter/Sub-Millimeter Array (ALMA) have recently been able to produced intricate maps of CR ionization through molecular cloud complexes [262], allowing new tests of CR propagation models with unprecedented clarity. Other molecular ions, such as ArH   +   [263,264,265,266] and HCO   +   [258], can also be used as probes to measure CR ionization. These are less direct tracers than   H 3 +  , and require additional chemical modeling. This can introduce uncertainties when interpreting data, but provides observational flexibility. For example, in cases where H   3 +   emission or absorption lines are not detectable with current instruments, or limitations make detection impractical for a particular target (e.g., a requirement to have a suitable background early-type star to obtain an estimate for the column density of the target species (e.g., [260,267]), other chemically related species may be accessible instead. Relating observations of indirect tracers to the underlying CR ionization rate can often be achieved by simplified gas-phase chemical networks.13 Figure 2 demonstrates an example of an oxygen (O) network which shows how typical observable species like OH   +   and H   2  O   +   can be connected to the CR ionization rate. These reduced networks allow relatively simple analytic relations to be derived that relate the abundance of a target species (e.g., OH   +  ) to the CR ionization rate [271,272].



OH   +   and H   2  O   +   are often used as tracers of CR ionization in diffuse molecular clouds, where their abundances are strongly affected by the ionizing CR flux. Other tracers, such as H   3  O   +  , DCO   +  , HCO   +  , N   2  H   +  , N   2  D   +   and their associated isotopologues, are selected depending on the required physical conditions of the target region within a particular cloud complex. Observations using these tracers have provided new information about the CR ionization rate at different locations in the Galaxy, with a few hundred diffuse molecular clouds analyzed so far. These observations have revealed broad variations in the ionization rate at different locations throughout the Milky Way, ranging from ∼   10  − 18      s   − 1     to ∼   10  − 14      s   − 1     [267,274,275,276,277,278,279,280,281,282,283]. The ionization rate at a particular cloud column density depends on the propagation model and irradiating CR spectrum adopted [284,285]. Local factors, such as magnetic field strength and structure (including magnetic mirrors [218,247]), also impact the capability for CRs penetrate and ionize interstellar cloud. However, the magnitude of the variation of CR ionization inferred for different molecular clouds far exceeds the variation typically attributed to these local factors. Instead, the broad variation of CR ionization rates throughout the Galaxy indicates a highly non-uniform irradiating flux of low-energy CRs throughout the ISM.



Many chemical signatures of CR ionization associated with molecular ions are accessible in the sub-mm band, with instruments such as ALMA. However, their ionizing impacts can also be detected in other parts of the electromagnetic spectrum. In particular, MeV CR protons (and heavier species) can collide with neutral to low-ionized Fe atoms in ISM clouds to produce FeI K α  X-ray line emission at 6.40 keV [286]. Such emission results from the removal of a K-shell electron by a CR ionization event, with the vacancy filled rapidly by an electronic transition from the L shell. These collisions result in shifts of characteristic X-ray line energies and distinctive spectral structures, making it possible to study the properties and composition of CRs irradiating molecular clouds [287].



CRs do not only cause ionization when they collide with the gas in molecular clouds. They also excite electronic and ro-vibrational energy levels of H   2   [288]. Primary CRs propagating into a molecular cloud with energy spectra peaking between 10 s of keV to a few MeV can produce secondary CR electrons of energies of order 10 s of eV [285]. These efficiently excite ro-vibrational transitions of H   2  , particularly to the first vibrational state (  ν = 1  ). The subsequent relaxation leads to the emission of photons that can be detected in infrared (IR) using instruments including the Very Large Telescope (VLT), or the Near InfraRed Spectrograph (NIRSpec) on the James Webb Space Telescope (JWST). Four lines in particular, (1-0)O(2), (1-0)Q(2), (1-0)S(0), and (1-0)O(4) at 2.22, 2.41, 2.63 and 3.00  μ m, respectively, have been identified as transitions where CR excitation dominates over competing processes like photo-excitation [288]. These transitions are therefore viable tracers of CR activity. Recent advancements of this technique have demonstrated that cloud density variations affect the penetrating capability of CRs according to their energy [285]. This means that, by measuring ro-vibrational line intensities and H   2   column densities towards a molecular complex, the low-energy CR ionization rate, CR spectral index, and spectral normalization can all be deduced. This provides a novel means of studying the variation of CRs of different energies throughout the Milky Way’s disk [289,290]. In the era of JWST, this is a powerful new tool for studying CRs.



High-energy interactions provide an opportunity to study CRs in molecular clouds at energies far above those involved with ionization and ro-vibrational excitations. At ≳GeV, CR protons and electrons are subject to different interaction pathways that generate different signatures. For instance, when the energy of a CR proton exceeds a threshold of about ∼  0.28   GeV, it can undergo pion-producing interactions with gas nuclei in clouds (see Section 2.2). These interactions release  γ -rays (e.g., [291]) and neutrinos (e.g., [292,293,294,295]) from the decay of neutral and charged pions, respectively. These interaction products can be used as a tracer of CR engagement in molecular clouds in violent environments, such as the vicinity of a CR source like an SN remnant or pulsar wind nebula [293,296,297]. We can gain insight into the properties and composition of the CRs escaping from these sources by studying the emission associated with CRs interacting in these so-called active clouds (see also Section 3.4).



High energy CR electrons can drive synchrotron emission when they interact with the magnetic fields of clouds and cores. These magnetic fields can be substantially stronger than the ISM average (for a review, see [298]). The CR electrons driving this emission can be primary CRs, irradiating a cloud from the ISM. However, given their fast cooling times, they are often secondary CRs, produced from the decay of the charged pions produced in hadronic collisions. Detection of synchrotron emission from CRs in molecular clouds can be challenging, and is thought to be very low in some clouds, e.g., the Sgr B2 complex [239]. A particular issue is the thermal emission (including that caused by enshrouded stars), which can overwhelm non-thermal emission signatures from the cloud. Despite this, previous studies have reported non-thermal radio emission from starless infrared dark clouds, such as G0.216 + 0.016, where contamination from thermal radiation is less severe [299]. This emission is consistent with the radiation produced by secondary CR electrons, with a suppressed diffusion coefficient (by a factor of 0.1–0.01) and substantially enhanced local magnetic field of 470  μ G [300]. Other studies have reported correlations between Galactic (e.g., [301]) and extra-galactic (e.g., [302]) CO emission with radio emission, suggesting the radio emission is synchrotron that originates in molecular clouds. Future facilities such as the Square Kilometer Array (SKA) may be able to detect synchrotron emission from CRs in a wide range of Galactic molecular complexes [284,303], especially those irradiated by nearby energetic sources such as SNRs [304]. Such radio observations would provide the opportunity for more spatially resolved observations than is possible with other signatures.




3.3.3. Molecular Clouds as Cosmic Ray Barometers


Molecular clouds can serve as CR barometers. When CRs interact with them, the resulting products (photons and neutrinos) can be used as observable tracers of the CR distribution throughout the Galaxy. Passive molecular clouds are irradiated by CRs from the interstellar distribution, or the CR ‘sea’, rather than a nearby source.  γ -ray studies have established the use of these clouds as barometers to measure the variation in the CR ‘sea level’ throughout the ISM [256,291,305,306,307,308]. They find significant variation in different parts of the Galaxy. This is consistent with the large spread of CR ionization rates determined for molecular clouds throughout the Milky Way (e.g., [267,274,309]), which indicate that clouds in some parts of the ISM are irradiated by a CR spectrum two orders of magnitude more intense compared to that detected at Earth [310]. This variation may be due in part to the discrete nature of CR sources, which have been shown to produce a distribution of intensities with an expectation value that is not representative of the CR spectrum throughout the Galaxy, but has a median compatible with the CR proton and electron data obtained with Voyager [311].



Studies of CR ionization rates in clouds have also established a trend with Galactic radius. As seen in Figure 3, the density of CR protons tends to increase towards smaller Galactic radii, although a significant reduction is observed towards the inner ∼2 kpc of the Galaxy [305]. Indeed, reductions of CR abundance in the central molecular zone (CMZ) have been reported [312]. It has been suggested this may arise due to variations in CR propagation due to, e.g., suppression of the diffusion parameter or the presence of a ‘barrier’ formed by the self-excited MHD turbulence at the edges of clouds [313] or trapping of CRs in outer cloud layers.



In the GC, the trend of declining CR ionization of clouds appears to reverse. This is likely due to the presence of nearby CR accelerators, rather than a global change of the CR sea level [316]. The GC increase has been studied with GeV-TeV  γ -rays, ionization signatures (probed with H   3 +  , for example) and the X-ray Fe I K α  line [259], targeting cloud complexes such as Sgr B2 (which may vary over time [317]) and the Arches [318,319,320]. The latter of these is located near a cluster of young massive stars near the GC region. It has been found to have time-variable ionization [321], which has been shown to be in agreement with a CR origin [322,323]. These findings complement earlier results obtained with iron K α  lines in the Galactic ridge, where the line profile was indicative of molecular cloud bombardment by an MeV proton flux [324].




3.3.4. Thermal Balance and Star-Formation


CR heating is an important factor in setting the thermal balance of the WIM of galaxies (see Section 3.2.2). It also plays a role in regulating the thermal structure of molecular clouds. The effective power supplied by CR heating is determined by the mechanisms responsible for CR thermalization. These depend on the energy distribution of the CRs and the local conditions. Molecular clouds have a complex hierarchical structure (as show in Figure 4). Different CR heating processes dominate in various regions of the cloud, and the overall efficiency of heating can vary dramatically in each of the components.



In the most dense, neutral regions of clouds, collisional ionization is likely to be important in driving CR thermalization [328] (see also [329]). This process can be caused by CR protons or electrons, including secondary electrons produced in hadronic collisions. When they collide with gas and cause an ionization event, the electrons released (called ‘knock-on’ electrons) thermalize via electron-neutral collisions and Coulomb scattering. The effectiveness of this process depends on the ionization fraction,   x i  , of the gas. A more direct form of this mechanism can also operate, with lower energy CRs directly undergoing Coulomb and collisional scattering with the cloud medium. This is more important for CRs below 100 MeV, in regions with non-negligible ionization fractions [14]. Another heating process is the excitation and damping of MHD waves, driven by the local CR pressure gradient. This channel is associated with all species of CRs. Strong ion-neutral damping suppresses MHD waves in the densest regions of clouds. However, these waves can still be excited by CR pressure gradients in dense regions of clouds with strong magnetic fields and/or high ionization fractions. They are damped rapidly so are not usually sufficient to affect CR propagation. Instead, they mediate thermalization from the CRs to the cloud medium with an efficiency that is strongly dependent on the local magnetic field configuration [229].



The efficiency of CR thermalization is set by the balance between CR interactions that lead to thermalization, and those where energy is radiated away as photons. The CRs irradiating ISM clouds are mostly energetic protons (e.g., as may be inferred from the local CR spectrum, [330]). They do not thermalize efficiently. Heating instead relies on inelastic hadronic collisions that produce secondary CR electrons. Figure 5 shows the typical CR electron spectrum that would be generated by hadronic collisions from an irradiating power-law CR proton flux. These secondary electrons engage more strongly in thermalization. However, their production introduces losses to neutrinos and  γ -rays in the pp decay chain. This limits the maximum efficiency of CR heating via pp collisions to around 15 percent (see, e.g., [14]). The secondary electrons would experience radiative losses, mainly by synchrotron and free–free emission. This further limits their thermalization efficiency. The exact fraction of their energy available for heating the cloud medium is subject to more complicated dependencies on the local environment. This is illustrated by Figure 5, which shows how efficiency of thermalization varies through the density structure of a cloud. This simplified model adopts an empirically informed relation between cloud density and magnetic field strength from Ref. [331] to determine the synchrotron loss rate, while the ionization fraction of the gas follows from Ref. [332]. Typically around 50 percent of secondary CR energy can go into heating background gas, which can increase to 90 percent in certain conditions. The overall thermalization fraction of primary CR protons therefore varies between ∼5 and 15 percent.



If CR heating is severe, it can elevate the temperature of a cloud. Observations have found that clouds experiencing significant CR ionization are warmer [333,334]. Theoretically, elevated temperatures of 30–50 K have been estimated for molecular clouds with CR ionization rates increased by around ∼  10 3   times that typical of the Galaxy [333], or ∼50–100 K for CR energy densities increased by ∼  10 3  –  10 4   [230]. Warmer clouds are subject to more thermal pressure support against gravitational collapse. This makes star-formation less favourable. The exact effect this has on star formation, quenching (e.g., [223]), clustering [229] and the initial mass function (IMF) [230] remains unclear. This is partly because the exact temperature increase experienced by a cloud is uncertain. It is strongly dependent on local conditions, model configuration (including the CR transport and interaction micro-physics; see also Section 5.3.7) and the level of CR bombardment in different regions of a cloud. Some studies have explored these dependencies explicitly, reporting equilibrium temperatures up to ∼40 K and varied temperature distributions throughout cloud under different CR irradiation intensities [335]. More conservative temperature increases ranging from ∼6 to ∼21 K have also been reported [336,337], with slightly higher values possible in the external layers of clouds [338] and strongly heated skins at the boundaries of cold clouds [242]. Other studies did not find an increase in temperature at all in some clouds under Galactic conditions [229], with CR heating power in diffuse clouds not even being competitive against thermal condition of heat from the hot ambient ISM plasma [242].





3.4. Clouds and Diffuse Media Associated with Stellar Remnants and Supernovae


Molecular clouds and diffuse ISM structures surrounding stellar remnants and SNe provide an opportunity to study CRs in the vicinity of their sources. Sometimes referred to as active molecular clouds, they are natural laboratories to investigate CR acceleration, propagation, and the feedback impacts CRs can deliver into the dense phases of the ISM.  γ -rays provide information about CR interactions in molecular clouds near SNRs at energies above a GeV [124,125,126,127,128,129] (for early pre-Fermi era propositions and reviews, see [306,339]). The 6.4 keV neutral iron K α  line also traces MeV CRs in molecular clouds [340], as demonstrated by X-ray studies of known molecular clouds around SNRs [341,342,343,344,345,346,347]. Complementary information about the engagement of 10–100 MeV CRs can be obtained from molecular ion emission or absorption lines (e.g., [260]). Using multiple tracers sensitive to CRs of different energies opens a broad view of the CR spectrum in different parts of the Galaxy, and enables the study of relevant transport and interaction physics involved in CR feedback. For example, diffusive propagation of CRs away from their sources may be slower at lower energies. This can enhance the intensity of CR ionization and Iron K α  line signatures from the medium near SNRs, but may have less effect on  γ -ray emission from the same region. To properly resolve the feedback impact CRs have in galaxies, a thorough understanding of their inhomogeneous distribution at different energies is required. Of particular importance is variation of the CR distribution with respect to ISM structures like molecular clouds, where CRs deliver feedback. This is set by the CR propagation physics, and the spatial correspondence between clouds and CR source locations.



Within the Milky Way, Ref. [348] showed that SNRs and molecular clouds occupy a volume fraction of the ISM of 0.01 percent and 0.25–3.3 percent, respectively. As the volume occupied by SNRs is much less than molecular clouds, the number of clouds in very close proximity to an SNR is low. OH maser measurements suggest only around 15 percent of core collapse SNe interact with dense molecular gas directly [349]. Notable exceptions have been studied. These may be identified from increased cloud temperatures due to shock heating, or high levels of turbulence within a cloud and offset  γ -ray emission away from the cloud direction. There are several examples of SN shocks interacting directly with molecular clouds (e.g., HESS J1825-137, W49B, and the Boomerang nebula/SNR G106 region; see [203,204,350,351,352]). However, direct interaction of SN shocks, or the associated injection of CRs accelerated by shocks passing through molecular clouds statistically the less common scenario [348]. Instead, hadronic and leptonic CRs accelerated in SN shocks propagate diffusively through the ISM for some distance before encountering a molecular cloud. Non-linear effects, such as the build-up of low-energy (<  10  GeV  ) CRs around sources could lead to self-confinement. In this scenario, the overabundance of CRs generates turbulence that scatters particles. This can lead to the suppression of the diffusion coefficient by up to 2 orders of magnitude [353].  γ -ray observations surrounding an SNR shell [122], and from hadronic  γ -ray emission from molecular clouds in a range of CR-irradiated environments [124,156] have shown indications of such suppression of CR diffusion.




3.5. The Interstellar Medium of Starburst Galaxies and Implications for Cosmic Ray Feedback


The discussion in this section has focused on our local Galactic neighbourhood. However, in starburst galaxies, the configuration of the ISM and its components is different. Firstly, the overall energy budget of CR feedback in a starburst galaxy is larger than that of the Milky Way (e.g., [14,16]). They have more energy to deposit into their host’s ISM, where their impacts can be stronger. In addition to this, the efficiency by which their feedback is delivered may also be greater. This is because of the closer spatial correspondence between sites of CR acceleration and the locations where feedback delivery would affect star-formation. For example, massive molecular cloud complexes are common in starburst galaxies [354], but not in the Milky Way. These clouds develop into massive stellar clusters, which are important CR accelerators (Section 3.1.2). Consequently, the fraction of CR sources interacting closely with molecular clouds is higher in starburst galaxies. Moreover, the prevalence of interactions between super-bubbles or SN remnants and clouds is likely to be much higher in intensely star-forming galaxies. This is indicated by the increased volume filling fraction of hot gas, which tracks the SN rate [355]. Additionally, the volume-filling fraction of SN remnants in the ISM will be increased (e.g., perhaps up to 8–9.5 percent in starbursts like M82 and NGC 253 [356]), making cloud-SN remnant interactions much more widespread. This is supported by observations, as the total  γ -ray emission of starburst galaxies has a strong dependency on the star-formation rate. By contrast,  γ -ray emission from clouds in the Galaxy shows a strong dependency on mass. This suggests that the  γ -ray emission from star-forming galaxies originates mainly from CRs that are accelerated by local active sources [357]. These differences imply that CR feedback power is delivered more efficiently in starburst galaxies compared to the Milky Way, as the sources of CRs are generally much closer to the sites of star formation.





4. High-Energy Environments


Several nearby galaxies exhibit a  γ -ray flux that exceeds the calorimetric limit of their star formation activity associated with SNRs [358,359]. This section is dedicated to discussing alternative, persistent CR production sites within galaxies.



4.1. Active Galactic Nuclei, Jets and Outflows


A sizeable fraction of galaxies are found to harbour an AGN or show a certain degree of AGN-like activities [360,361]. These galaxies, in particular those possessing jets, may have multiple sites of continuous CR production. Several scenarios have been proposed. They invoke either p γ  or pp interactions as the mechanisms shown in Figure 6, or their combination in some situations. As the theme of this Review concerns CRs at the galactic scale (i.e., ≲  10  kpc  ), we exclude systems with large-scale relativistic jets that extend far beyond the host galaxy. The discussions here therefore focus instead on radio-quiet systems, if there is AGN activity in their galactic centre.



Weak jets in radio-quiet AGNs that are CR source candidates would terminate at the scale of   ∼ kpc   (see, e.g., [362]). A recent ALMA observation toward NGC 1068 (a radio-quiet Seyfert galaxy) unveiled CR production activity, likely at the ‘head’ of the jet, ≈  670  pc   away from the supermassive black hole (SMBH) [363]. The CR power in the jet is estimated to exceed that expected from activity directly associated recent star formation episodes in this galaxy.



Wind outflows from the accretion disk are believed to be able to produce CRs. Ultra-fast outflows (UFOs) are the most powerful among variants of AGN disk winds. They are also fastest, and their velocities can reach   0.1  c  , i.e., 10 percent of the speed of light [364,365]. This translates to a large kinetic power, as high as ∼5 percent of the bolometric luminosity of these systems [365,366]. They are a power bank that feeds the CR production processes. Current observations indicate that UFOs are present in roughly 40 percent of nearby AGNs [365]. However, possible mechanisms to transfer the kinetic energy carried in UFOs efficiently into CR energy are yet to be resolved. Nonetheless, there is no dispute, in terms of energetics, that UFOs, which share some similarity with relativistic jets, and that it is possible for them to produce high-energy CRs (see [367,368,369,370,371]).



The solar corona is known to produce particles of energies many orders of magnitude higher than the photons from the photosphere, through thermal emission process. The energetic particles arise as a consequence of a variety of sequences of eruptive magnetic coronal activities, field reconnection, shock formation, flaring emission and plasmoid ejection (see [372,373]). Such activities could also arise in corona above accretion disk in AGNs. As a consequence, energetic non-thermal particles are produced through macroscopic and microscopic plasma processes or different combinations of both in a multi-stage sequence, cf. coronal mass ejection and the associated acceleration of particles. Thus, accretion disk corona in AGNs are expected to be CR production sites (e.g., [374,375,376,377,378,379]); see also [380] for low-luminosity AGN cases). This scenario is supported by the recent IceCube observations, which identified a neutrino hot-spot (with a significance level of 4.2  σ ) located in the direction of NGC 1068 [381], which is a known  γ -ray emitter [382,383,384]. Production of VHE neutrinos in astrophysical systems is thought to arise through pion production channels (see Section 2.2). There is an equal chance that each of the three pion species (  π 0  ,   π +   or   π −  ) are produced in a hadronic interaction. This implies that neutrino sources would also be intrinsic sources of  γ -rays. Moreover, the intrinsic luminosity of the neutrino emission would not significantly exceed the that of the  γ -rays, unless processes are present within the interaction sites that suppress charged pion production compared to neutral pion production. IceCube observations of NGC 1068 imply that the neutrino flux is greater than the GeV  γ -ray flux [381,385]. This would require a suppression of neutral pion production, which is not easy to achieve. An alternative explanation is the significant attenuation of GeV  γ -rays. One possible process to achieve this is the interaction of GeV  γ -rays with strong radiation (or matter) fields.



Studies of X-ray binaries (XRBs) have shown them to be X-ray bright with a luminous accretion disk in a high-soft state, and latent jets. Taking accretion disks and jets in XRBs as a reference, it can be taken that accretion disks in certain AGN could produce a strong radiation field and that their jets are present but not prominent. While weak jets may be radiatively inefficient and are confined near the galactic centre, they would still be capable of accelerating particles. These energetic particles would undergo interactions within the strong radiation from the accretion disk, leading to the development of a particle cascade through the p γ  interaction. In this scenario,  γ -rays would arise from decay of neutral pions formed by CR interactions near the acceleration site, the magnetic disk corona. They would be attenuated when the accretion disk is luminous enough to create a dense radiation field (see [386,387,388]).




4.2. X-ray Binaries


Compact objects as individual systems, (e.g., isolated pulsars and magnetars [389,390,391,392]) or in binaries (e.g., cataclysmic variables (cf. [393,394,395]), XRBs [396] and millisecond pulsar binaries [397,398]) could produce photonic and non-photonic particles with energies greatly exceeding tens or hundreds of MeV. However, we do not discuss these sources here. Instead, we mainly consider microquasars, which are stellar-scale and share similar characteristics to AGN. One of these characteristics is their relativistic jets, which are powered by secular and episodic mass accretion. We put focus on SS433 and Cyg X-3, and their probable counterparts in early Universe, i.e., Pop III microquasars.



4.2.1. SS433


Highly collimated jets are expected to be efficient particle accelerators, and microquasars (XRBs with jets) are often considered as potential CR sources [184]. SS433 is one of the most investigated microquasars. It has a pair of well defined jets [399] and contains a compact object. This may be a black hole [400], accreting material from a probable super-giant star [401,402]. Polarisation observations have indicated that the magnetic field of the jets have helical structures [403,404]. They are embedded with the binary in the nebula W50, implying that there would be interaction between the jets and ambient nebula material.



Observations with the High-Altitude Water Cherenkov Observatory (HAWC) have detected of ≳25 TeV  γ -rays from the jets of SS433 [405]. The emission regions are ∼30 pc away from the location of the binary. Both the eastern and western emission lobes are found to coincide with these regions, from which X-ray emission is non-thermal [406,407,408,409,410,411]. These observations suggest that the jet downstream regions are sites of high-energy particle acceleration that produce the TeV  γ -rays and non-thermal X-rays [412,413].



As illustrated in Figure 7, extragalactic microquasars, similar to SS433, may be associated with expanding bubbles with a velocity that can reach 80–250   km   s  − 1     [414,415]. These expanding nebulae provide suitable conditions for particle production and CR acceleration, especially through a sequence of processes triggered by an initial hadronic interaction. It was shown in Inoue et al. [416] that nebulae with fast expansion velocities ≳   120  km   s  − 1     are capable of accelerating charged particles up to ∼100 TeV, making them viable UHE CR sources.




4.2.2. Cyg X-3 and Related Systems


Cyg X-3 is an XRB with an orbital period of 4.8 h [417,418]. It contains a compact object, which is likely to be a black hole, although the possibility of it being a neutron star has not been ruled out. The compact object is accreting from a companion star, commonly identified as a WR star [419] from the characteristic broad emission line features and lack of Hydrogen lines in the optical spectrum. These features make Cyg X-3 unusual among the Galactic XRBs, both in terms of its evolution and orbital dynamics (see, e.g., [420]). Cyg X-3 spends most of its time in a hard X-ray spectral state. Although its radio emission may be relatively latent at that time, it occasionally shows episodic relativistic ejection and giant radio flares [421]. When it is radio active, Cyg X-3 is the brightest radio source among the Galactic XRBs (see, e.g., [422]).



The detection of a one-sided jet in Cyg X-3 [423,424] implies that the jets are highly relativistic and that the jet axes are sufficiently aligned with the line-of-sight (with a viewing angle probably   <  15 ∘   , see, e.g., [423]). Cyg X-3 is among the very few XRBs that have been detected in  γ -rays [425,426,427]. As such, it has been considered as a potential CR source. How particles are accelerated in Cyg X-3 is still unresolved. It is also unknown if the material in the Cyg X-3 jets has a substantial amount of baryons. With the strong wind from the WR star, Cyg X-3 should be enveloped by a cocoon of dense wind material (see Figure 7). When the jets of Cyg X-3 encounter dense materials, shocks can be formed. These shocks will in accelerate charged particles, whether they are leptons or baryons. These energetic particles are CRs, and their interaction with the WR wind envelope would lead to the production of high-energy photons and particle cascades if there are substantial amounts of baryons in the jet material. The subsequent decay of the pions in the particle cascades will give rise to neutrino and  γ -ray emission.




4.2.3. Pop III X-ray Binaries


Pop III stars could have masses in excess of   100   M ⊙    (see [428,429]). They are short-lived and evolve rapidly. Some of them would end up forming black holes, through direct collapse or pair-instability SNe (see [430,431]). A Pop III star paired with a black hole forms a Pop III XRB, when the Pop III star begins to transfer material to the black hole (see [432]). Pop III binaries are often considered as counterparts of Galactic high-mass X-ray binaries (HMXBs) in the early Universe. However, Pop III stars are metal poor and would not have a strong dense wind driven by large metal line opacity. Pop III XRBs are therefore different to present-day HMXBs. The mass transfer in Pop III XRBs, at least for X-ray luminous systems, would not be mediated by the accretion of the stellar wind onto the black hole. The mass transfer would instead be facilitated by Roche-lobe overflow or focused wind flows near the critical Roche surface and is probably driven by the nuclear evolution of the Pop III mass donor star, instead of orbital shrinkage caused by the loss of orbital angular momentum of the binary (see, e.g., [433]). Thus, Pop III XRBs are semi-detached binaries. Some Pop III XRBs would possess a pair of relativistic jets, which are sites of particle acceleration. These Pop III XRBs are microquasars, and are potential CR sources.



The mass ratio (  q =  M 2  /  M bh    , where   M 2   is the mass of the Pop III mass donor star) of Pop III XRBs would be around 20–40, if considering that the mass of their black holes is    M bh  ∼  ( 3 − 5 )    M ⊙   . We may obtain the Roche-lobe radius   r L  , in terms of the orbital separation a for semi-detached binaries using the expression given in Ref. [434]. The ratio    r L  / a   is only weakly dependent on the mass ratio q. For the parameters of Pop III XRBs considered here,    r L  / a ≈ 0.6  , over the range of   q ∼   (20–40). This almost constant value of    r L  / a   implies that a jet/outflow with a   45 ∘   half-cone opening angle will hit the atmosphere of the Pop III star (see illustration in bottom right panel in Figure 7), if the symmetry axis of the jet/outflow has a tilting angle of >  8 ∘   with respect to the angular momentum vector of the binary.



While such a jet-tilting angle is not expected to be commonly found in the Galactic microquasars, which are mostly low-mass X-ray binaries (LMXBs) and have evolutionary time scales of order hundreds of Myr, it would not rule out the possibility of such jet orientations to occur in Pop III XRBs. However, little is known about the evolutionary trend of the progenitors of the Pop III XRBs. It is unlikely that Pop III XRBs would go through the same evolutionary channels that produce Galactic HMXBs and LMXBs (see, e.g., [435,436]). The short-lived nature of Pop III stars implies that Pop III XRBs are all extremely young systems. The black holes in Pop III XRBs would not have sufficient time for their spins to align with the orientation of the angular momentum of the binary orbit. The accretion torque would instead drive the black hole spin axis and the jet axis into precession and nutation. If the jets have a substantial amount of protons, the atmosphere of the Pop III star will act as a target for energetic protons in the jet. This leads to hadronic pp interactions, which generate cascades of descendent pions and leptons. This scenario of CR production does not require the presence of material outside the binary.



There are more conventional views for CR production where Pop III XRBs are practically direct counterparts of the Galactic microquasars, except that the mass donor star in a Pop III XRB is a massive and ultra-metal-poor Pop III star. Thus, the particle acceleration and production scenarios are the same as those proposed for the Galactic XRB jet sources (see, e.g., [437,438]), using the same prescription developed for CR production in AGN jets (see, e.g., [439,440]). The energetic particles that result from acceleration in the jets, presumably through shocks, would interact with the ambient radiation field through p γ  interactions, or pp interactions with baryonic matter in the cocoon/envelope close outside the binary, or in a nebula at a larger distance (see, e.g., [441]) (see Figure 7). In this scenario, particle acceleration and hence CR production and interactions in the Pop III XRBs are analogous to those in the microquasars SS433 and Cyg X-3 described earlier in this section.



Compared to low-mass Galactic microquasars, Pop III XRBs might be more likely to reside in crowded young multiple-star environments. The evolutionary timescale of Pop III XRBs is expected to be shorter than the dynamical time scale of their host galaxies. Thus, Pop III XRBs would not have sufficient time to disperse from their birth places (cf. the distribution of the HMXBs and LMXBs in the Galaxy). This also implies that Pop III XRBs might cluster in close proximity to each other. When an ISM is bombarded collectively or continually by energetic CR particles and and irradiated by intense radiation from a cluster of Pop III XRBs, it would inevitably be heated. This in turn will affect subsequent episodes of star formation and, hence, the next generation of stars and early-Universe XRBs.






5. Cosmic Rays in Galaxies and Their Circumgalactic Environments


5.1. The Milky Way


The distribution of CRs within and around the Milky Way can be measured using  γ -rays. High quality all-sky data obtained with Fermi-LAT now allows a detailed view of CR engagement within the Galaxy to be constructed (see Figure 8; for a review of interstellar  γ -ray emission studies and its implications for the distribution of CRs in the Galaxy, see [442]). One of the most striking signatures in the  γ -ray sky above 1 GeV is the Galactic plane itself. Intricate emission structures, which trace the underlying gas distribution, emerge as bright extended diffuse emission. This covers the entire galaxy, while less bright extended emission reaches several degrees above and below the plane. Hadronic CRs are contained within the Galactic ISM by the interstellar magnetic field. They interact with the ISM gas by inelastic pp collisions (see Section 2.2). The resulting decay of neutral pions, produced in these interactions, generates the observed emission. The intensity of the emission is proportional to the product of the local gas density and the CR density. Thus, the distribution of CRs can be recovered where high-resolution gas maps using an appropriate tracer are available. Some of the more reliable dense gas tracers are CS and dust. However, they do not always agree, and they are not guaranteed to provide the same information about the precise ISM gas distribution (e.g., [443,444]). This can lead to substantial differences in inferred CR distribution estimations.



 γ -ray emission features in the Galactic plane are particularly strong around the GC. The CMZ is located in the middle of the central bright peak. The origin of this  γ -ray emission is unclear. While it is likely both a hadronic and leptonic component would be present, the relative importance of each is unsettled. Strong radio emission has been observed in this region [445]. It has been suggested this originates from predominantly leptonic primary CRs in intense GC magnetic fields. These CRs could also contribute significantly to the  γ -ray emission through inverse Compton scattering [445]. An alternative scenario has also been considered, motivated by the strong magnetic fields (up to 100–250  μ G [446,447]) and concentrated molecular gas content in the GC. These conditions resemble those typically found in starburst galaxies (see [446], also Section 5.2.3), leading to the proposition that the CR population could have a significant hadronic composition [446]. In this scenario, the CRs experience cooling and advective losses within a single-zone three-phase ISM, including diffuse, hot gas, ionized gas, and dense molecular gas. This can provide a plausible explanation for the TeV emission from the CMZ and account for the radio emission via synchrotron radiation from primary and secondary CR electrons. However, the GeV  γ -ray emission in this scenario is under-predicated and much more difficult to reconcile with observations. This suggests a need for an additional CR component, or a population of unresolved  γ -ray sources. The precise details of the CMZ emission require further investigation. However, it is evident that a significant population of CRs exist in that region. They could be supplied by a hidden population of pulsars (as has recently been proposed by several studies, including, e.g., [448]), pulsar wind nebulae, processes associated with the Sgr A* supermassive black hole, or SN remnants arising due to the elevated local star-formation rate.



Above and below the CG, extended diffuse  γ -ray structures can be seen (these can be discerned faintly in Figure 8). These so-called Fermi bubbles extend to heights of 50° above and below the GC, with a total 1–100 GeV power of >  10 37   erg s    − 1    and a spectral cut-off at around 110 GeV [449] (for a review, see [450,451]). The origin of these structures is unsettled, and their non-thermal composition could be hadronic (e.g., [452,453]) or leptonic (e.g., [454,455,456]). One possibility is the presence of a galactic outflow driven by feedback from concentrated star-formation activity around the GC [452]. This outflow could serve to channel hadronic CRs from the ISM into the Galactic halo and CGM. This may also be achieved by subsonic breezes [457]. These breezes, although slower, can have a similar role in CR circulation through a combination of advection and diffusion. They have been shown to be capable of supplying CRs several kpc into the CGM, where they can sustain CR energy densities as high as a few percent as that in the ISM [457,458]. Alternatively, the CRs could be supplied by past jet activity of the Sgr A*, where the CR electrons are rapidly transported to high Galactic latitudes before they cool [454,459,460]. This leptonic jet model has been shown to reproduce the spatially uniform  γ -ray spectrum [461] as well as the recently discovered X-ray eRosita bubbles [462].



The presence of CRs in galactic halos has been investigated for some time. This interest stems from observations of kpc-scale synchrotron halos around edge-on galaxies (e.g., [463]), as well as simulation work indicating a significant population of CRs reside in the CGM of Milky Way mass galaxies [464,465,466]. Recent studies have reported detections of extended halo emission around M31 in  γ -rays. It extends up to 200 kpc from the center [467]. It is possible that some of this extended emission originates from bubbles analogous to the Galactic Fermi bubbles [468], but most can be attributed to M31’s CGM. The exact origin of this emission remains unsettled, however leptonic models with in situ CR acceleration in the acceleration shock due to in-falling matter [467], hadronic models involving CR advection [126] and hadronic models including both CR advection and diffusion have been considered [469]. The presence of CRs in the CGM of the Milky Way has also been observationally confirmed. Studies using  γ -rays emitted from High and Intermediate Velocity Clouds (HVCs and IVCs) at heights ranging from hundreds of pc to a few kpc [470]14 showed their emissivities to exhibit a significant decrease with distance from the Galaxy, up to ∼2 kpc [470,474]. This is caused by a decreasing CR density with distance. It has been suggested that the emission from CRs interacting within the Milky Way’s halo gas may contribute to the isotropic  γ -ray background [467,475,476], and these interactions may also account for some of the diffuse flux of neutrinos observed by IceCube [477] (although this contribution is likely sub-dominant [478]).



The existing observations have provided important insights that allow effective CR transport models in the Galactic halo to be constrained. However, upcoming instruments like the Cherenkov Telescope Array (CTA), with its increased sensitivity, will enable the detection of more HVCs, IVCs, and halo gas in  γ -rays. With the data to be obtained from these next-generation instruments, it will be possible to conduct more thorough tests of CR transport models within the CGM. Efforts have already begun to model CR diffusion in the CGM context more rigorously, in order to relax the approximations associated with effective transport treatments. In particular, consideration has been made of the non-linear interaction of CRs with MHD waves excited through the CR streaming instability [479,480,481], and their interplay with fast-mode turbulence [482], or advection from the Galactic disc [483]. These models allow the role of CRs in CGM ecosystems, and their influence on the evolution of central galaxies, to be explored more thoroughly by reducing model uncertainties and establishing more reliable treatments of CR transport.




5.2. Studies of Cosmic Ray Effects in Individual Galaxies


5.2.1. Cosmic Ray Containment, Calorimetry and Galactic Magnetic Fields


CRs emerge as an inevitable consequence of star-formation in galaxies, regardless of the underlying source type or acceleration mechanism (see Section 3.1). Starburst galaxies are therefore rich in CRs. These CRs are scattered in galactic magnetic fields (Section 2.1), and typically experience a diffusive propagation regime. They are confined by their host galaxy and leak out gradually through a combination of diffusion and advection, or undergo attenuation and/or complete energy loss through cooling before they can escape. A CR confinement scenario can develop quickly in a starburst galaxy. It is controlled by the magnetization of the ISM, which is believed to arise early in its evolution. It has been proposed that the growth of magnetic fields in galaxies may be closely connected to their star formation activities. In this scenario, a saturated  μ G magnetic field can develop within a few Myr after the onset of star formation, if driven by a turbulent dynamo mechanism [484]. This is consistent with observations, which indicate early magnetic field growth in galaxies. In particular, high-redshift galaxies have generally been found to harbor well established ISM magnetic fields with strengths comparable to those in local galaxies (e.g., [485,486]).



The degree of CR confinement a galaxy can practically achieve is set by several factors. In some galaxies, a calorimetric limit can be reached where CRs are completely absorbed, or lose all their energy before they can escape. This results in the conversion of a very high fraction CR energy to ISM heating or non-thermal radiation and neutrinos. The degree of calorimetry varies with CR energy and species, with electron calorimetry generally being more achievable than proton calorimetry. While main sequence or relatively quiescent galaxies like the Milky Way may have low calorimetric fractions, starbursts like NGC 253, Arp 220, or M82 can exhibit very high calorimetry [356]. This is because their strong magnetic fields and dense interiors are very effective in containing, cooling and/or absorbing CRs.



In highly calorimetric settings, close correlations are expected between CR injection rates (estimated by tracers of a galaxy’s star formation rate, e.g., its far-IR luminosity) and signatures for CR activity. Thus, starburst galaxies not dominated by AGN emission generally exhibit strong correlations between their far-IR,  γ -ray, and radio luminosities (e.g., [12,358,487,488,489,490,491]).15 Electron calorimetry can naturally explain the tightness of the far-infrared (FIR)–radio correlation. However, its validity has been questioned due to conflicts in the observed radio spectral indices for normal galaxies [493,494] and difficulties to reconcile the inferred CR diffusive escape time in the Milky Way with the typical estimated synchrotron cooling time [495]. These tensions have motivated the development of modified calorimeter models for normal galaxies that include CR escape over comparable timescales to electron cooling [496] and invoke SN remnants as a cause of a flattened radio spectrum (e.g., [497]). Other approaches have proposed to move away from the calorimeter model entirely (e.g., [498,499]), but these often require some sort of ‘conspiracy’16 to maintain the tightness of the FIR–radio correlation, given the enormous dynamic range in physical properties of galaxies that obey it.



More recent studies have considered sophisticated analytical models of turbulent clumpy star-forming galactic disks [495] or detailed numerical simulations to investigate the physics and development of the far-IR-radio and far-IR- γ -ray relations relations in various situations. These include evolving protogalaxies [501], Milky Way-like galaxies [502] and isolated galaxies over a broad range of halo masses [503,504]. These studies show that the relations can start to break down for low IR luminosity quiescent galaxies [505], where CR escape can become more severe [506]. For example, even though Milky Way-like galaxies are believed to be reasonably efficient electron calorimeters (e.g., [507]), they are not likely to be proton calorimeters [505] and are not guaranteed to closely follow either the far-IR-radio or the far-IR- γ -ray relation [506]. In very extreme galaxies such as Arp 220 or the Circinus galaxy, calorimetry may exceed 100 percent. This could be due to highly efficient CR acceleration, systematically more energetic SN explosions, or contamination from AGN emission or other  γ -ray sources [505].



The multi-scale configuration of the magnetic field of a galaxy regulates effective CR propagation parameters (see Section 2.1). This sets the distribution and confinement of CRs, and governs their calorimetry and feedback patterns. On macroscopic scales, CR propagation is fundamentally anisotropic (e.g., [508,509]). Modeling it as an isotropic process on the scale of galaxies can distort our qualitative understanding of the resulting CR feedback effect. For example, invoking isotropic CR diffusion in models can lead to stronger galactic outflows [510], weaken the development of the Parker instability [511], or significantly affect outflow wind launching and mass loading factors [512]. To properly establish an effective prescription for large-scale anisotropic CR propagation through a galaxy, a thorough understanding of the large-scale magnetic field structure is needed. In recent years, it has become possible to measure this using instruments like the High-Angular Wideband Camera Plus (HAWC+) on the Stratospheric Observatory For Infrared Astronomy (SOFIA) [513] and POL-2 on the James Clerk Maxwell Telescope (JCMT) [514].



From these studies, it has been shown that the large-scale structure of the magnetic field of a galaxy is strongly influenced by its dynamical situation. For example, barred-spiral galaxies, such as NGC 1068 (Figure 9, left panel), have exhibited an organized magnetic field patterns that align closely with their spiral arms. This alignment would direct CR diffusion along the spiral pattern, thereby influencing CR feedback patterns. Moreover, this alignment may also enhance CR calorimetry on a global scale throughout the galaxy. Anisotropic diffusion of CRs along the arms is favored over inter-arm diffusion, leading to longer propagation distances for CRs and an increased likelihood of cooling or absorption before escaping the galaxy. This effect becomes particularly significant if CRs are predominantly injected into the spiral arms. Indeed, this would be expected in a density-wave origin for the spiral pattern, where the arms represent regions of intensified star-formation and, consequently, higher CR density.



Elevated star-formation levels in galaxies can disrupt the alignment between magnetic fields and spiral arms. This is due to winds and ISM bubbles caused by feedback processes (e.g., [517]). The disruption becomes even more pronounced in chaotic systems such as the colliding Antennae galaxies (Figure 9, right panel). In this case, the magnetic field is primarily influenced by the interactions between the galaxies themselves, and is stretched between them. The strong disruption of magnetic fields during the collision phase of these galaxies would initially release confined CRs into the intergalactic medium. However, as interconnected magnetic fields formed between the interacting galaxy cores after the initial collision, CRs would begin to channel between them. CR channeling between the interacting galaxies would become established over a diffusion timescale (a few Myr). This is much shorter than the typical timescale of galaxy interactions, which is on the order of several hundred Myr [518]. Consequently, intense episodes of star formation in one galaxy can exert a feedback impact on the other galaxy in this pair. This illustrates the interconnected nature of CR feedback effects in galaxy interactions.




5.2.2. Cosmic Ray Pressure Support in Individual Galaxies and the Eddington Limit


CR feedback in galaxies can be invoked as an intrinsic or extrinsic mechanism. Intrinsic processes operate in the ISM, often at the molecular cloud level (see, e.g., Section 3.3.4). They rely on CR containment within a galaxy. This containment can also form as part of an extrinsic feedback mechanism. The pressure support provided by CRs can help maintain the stability of the ISM. If the density of CRs becomes sufficiently high, it can disrupt hydrostatic equilibrium and give rise to a CR-driven wind [519]. The supply of CRs in a galaxy is linked to its star-formation rate. This connection sets a practical upper limit to the star-formation rate known as the CR Eddington limit, analogous to the case with radiation [519]. Recent studies have re-examined this stability limit and found that galaxies with high gas surface densities, exceeding   10 2  –  10 3   M   ⊙   pc    − 2   , and large star formation rates are unlikely to approach the it. This is because the strong hadronic losses experienced by CRs interacting with the interstellar gas make them less dynamically significant [520,521]. As a consequence, galaxies in this regime become increasingly calorimetric and present higher  γ -ray emission due to pion production [520]. For surface densities below ∼  10 2   M   ⊙   pc    − 2   , CRs can be dynamically important. They are capable of launching winds of cool material from galactic discs, thereby curtailing star-formation through catastrophic losses [521].



Typically, quiescent, low surface density galaxies like the Milky Way and local dwarf galaxies reside within the CR-stable regime. However, many of these systems, particularly Milky Way-like galaxies, are on the cusp of instability. CRs offer significant support to the ISM in these cases [521,522]. Even slight modifications to the configuration of their ISM or the CR pressure can trigger CR-driven outflows, producing strong limits on their star-formation efficiency [521]. Studies have shown that the wind launching mechanism is relatively robust across different CR transport models [522], but the specific model adopted can affect the magnitude of the CR Eddington limit. Advection or diffusion-dominated transport generally leads to sub-Eddington galaxies [523], with CR streaming representing the most favorable scenario for galaxies to reach the Eddington limit [523].




5.2.3. Nearby Starbursts


High-energy  γ -ray emission has been detected in several nearby star-forming galaxies using Fermi-LAT [359,487,489,524,525,526]. Subsequent observations with Imaging Atmospheric Cherenkov Telescopes have confirmed the persistence of this emission up to multi-TeV energies in two starburst galaxies: M82 and NGC 253 [527,528,529]. Future instruments like CTA, with higher sensitivities, are expected to detect other nearby starburst galaxies at similar energies [530]. High-energy  γ -ray emission serves as an indicator of the presence of CRs within these galaxies. Moreover, the observed correlation between this emission and the IR luminosity of galaxies demonstrates a connection between the injection power of CRs and the level of star formation activity in a galaxy (see also Section 5.2.1). Traditionally, this correlation has been attributed to CR acceleration in core-collapse SNe and their remnants, as the rate of these events closely tracks the star-formation rate in a galaxy [96]. However, alternative possibilities, including CR acceleration in young stellar clusters and star-forming regions, have gained increasing consideration in recent years (see Section 3.1).



M82, NGC 253 and Arp 220 are worthy of dedicated discussion. Their close proximity has allowed extensive study to provide thorough insights into their internal physical conditions, including the effects of CRs. All three galaxies host outflows, which have substantial impacts on CR containment and feedback potential. These outflows are multi-phase [531,532,533,534,535] and are driven by the confluence of feedback winds from ongoing concentrated bursts of nuclear star-formation. M82 maintains a star formation rate of approximately 10 M    ⊙     yr   − 1     [536] within a central region of diameter 0.3 kpc [537,538]. NGC 253 has a lower star-formation rate, around 5 M    ⊙     yr   − 1    . This is a residual burst, initiated by the collision with a gas-rich dwarf galaxy approximately 200 Myr ago [539]. Although less active than M82, approximately 40 percent of NGC 253’s star formation is concentrated within the central kpc and is associated with a dense CMZ of size approximately 0.8 kpc [540]. This concentration of star formation drives an outflow, and may play a driving role in baryon recycling flows throughout the galaxy halo [541]. In contrast to the tidally triggered nuclear starbursts in M82 and NGC 253, Arp 220’s activity is believed to result from a collision between two spiral galaxies a few hundred Myr ago, leading to a more intense system. The majority of the star-forming activity is concentrated within two nuclei, with rates of 65 M    ⊙     yr   − 1     in an Eastern nucleus and 120 M    ⊙     yr   − 1     in a Western circumnuclear disk [542]. Both nuclei exhibit fast outflows, with slightly higher velocities observed in the Western nucleus [535,543].



All three of these starbursts are good electron calorimeters. A regime of strong electron confinement and energy retention is established in their cores. Non-synchrotron losses, such as bremsstrahlung and ionization, play a significant role in establishing electron calorimetry in these galaxies, with bremsstrahlung being particularly important above a GeV [544]. The same level of calorimetry is not achieved for CR protons. None of the three galaxies are believed to be fully calorimetric to protons, although all are more so than the Milky Way.



NGC 253 has an estimated proton calorimetry fraction of a few tens of percent at 1 GeV [356,544,545]17 If current estimates are accurate, the timescale for CR protons to undergo hadronic interactions is comparable to the advection escape timescale in the galactic wind. This implies that CRs interact with the ISM in the host galaxy near its mean density, and must be far below the level needed to support the galaxy against gravity. It follows that CRs are not dynamically important in driving the NGC 253 outflow [546]. Despite this, CR feedback has been estimated to strongly impact the nuclear CMZ region of NGC 253 and potentially dominates the thermal balance of the gas in this area [547].



M82 is a better proton calorimeter compared to NGC 253 at most CR energies [356,544,545,546], but a large fraction of protons can still escape, particularly at higher energies [544,545,548]. CR pressure is therefore relatively low, and can sustain only small fraction (around 2 percent) of that required for hydrostatic equilibrium if CRs interact with ISM at its mean density [546]. This suggests that CRs are also not dynamically important in M82’s outflow, and CR pressure gradients are weak compared to gravity [548].



Arp 220 is considerably more abundant in CRs. It is also much denser, with the gas around its nuclear starbursts averaging ∼  10 4   cm    − 3    [549], compared to ∼   10 3     cm   − 3     in M82’s core [548,550]. This high gas density creates excellent conditions for the detection of molecular ions chemically related to low-energy CR ionization. These have been used to confirm the importance of CR heating within this galaxy [551]. The high gas density also creates short CR loss times to pp interactions. This boosts proton calorimetry, and a substantial fraction of the proton flux is converted to pions. Of the three examples, Arp 220 is the closest to being a proton calorimeter, even up to CR energies of 100 GeV [356,542,544]. At 1 GeV, it may achieve in excess of 99 percent calorimetry [356]. While this suggests potential for CRs to play an important dynamical role in Arp 220, their exact importance remains uncertain due to the absence of dedicated work.



Detailed multi-wavelength studies have been conducted for each of these galaxies to investigate their non-thermal properties. These studies include one-zone models that put focus on the role of CRs in multi-wavelength emission (e.g., [446,544,552,553,554]). These models are often used to fit or constrain the internal physical configuration of the galaxies (e.g., [555,556,557,558]). Multi-messenger modelling has also been possible (e.g., [358,546,559,560]), and some of these galaxies have even been considered as potential neutrino source candidates for upcoming instruments such as KM3NeT and IceCube-Gen2, albeit with optimistic model parameter choices (e.g., [560] for NGC 253). More sophisticated two-zone models have also been developed [86,542,561]. They have revealed that the  γ -ray and radio emission may be inconsistent with a purely starburst origin in certain cases, particularly in Arp 220. In this galaxy, a self-consistent solution may require the presence of an AGN in the western nucleus to account for excess  γ -ray flux [561].




5.2.4. Dusty, and Infrared and Submillimeter Luminous Galaxies


Luminous infrared galaxies (LIRGs) are a class of galaxy characterized by their high rest-frame IR luminosities, above   10 11   L   ⊙  . Ultra and Hyper luminous IR galaxies (ULIRGs and HyLIRGs) are particularly luminous sub-classes, above   10 12   L   ⊙   or   10 13   L   ⊙  , respectively. These galaxies are believed to represent an evolutionary phase of merging spirals [562,563]. They are powered by intense starbursts, with star formation rates surpassing 100 M   ⊙   yr    − 1    (e.g., [564]). Their IR emission mainly originates from the reprocessing by dust of strong interstellar radiation fields associated with the rapidly forming stellar population. Additional contributions from AGN are sub-dominant, typically providing no more than 10 percent of total IR galaxy luminosities [565].



The vibrant star-formation activity of LIRGs establishes them hosts of large reservoirs of CRs. This is seen in Arp 220, the closest example of a (U)LIRG, where the abundant CRs have a role in regulating its physical conditions (see Section 5.2.3). The interactions of these CRs produce  γ -rays and neutrinos (e.g., [566,567]) which contribute to the extragalactic diffuse backgrounds. These backgrounds have been measured with IceCube [568,569,570] and Fermi-LAT [571]. LIRGs have recently emerged as a viable contributor to these backgrounds following a neutrino detection from the LIRG NGC 1068 [381] (see also Section 4.1). Combined multi-messenger observations of neutrinos and  γ -rays suggest that some neutrino sources may be opaque to  γ -rays [572,573]. If true, it would alleviate the observational constraints on source populations that can generate neutrino backgrounds without violating the observed  γ -ray background [571]. Dusty LIRGs may experience suppressed  γ -ray emission through pair production interactions within their intense IR radiation fields (e.g., [249]) or dense gas [574]. They may constitute an important source class capable of conforming to  γ -ray constraints while still supplying significant flux to the diffuse neutrino background.



Strong IR continuum emission makes LIRGs excellent natural laboratories for the observation of CR feedback effects. In particular, gas phase species produced from CR ionization in molecular clouds can be observed in absorption against this continuum. OH   +   and H   2  O   +   are relatively direct chemical tracers (see Section 3.3.2) that can be used to probe CR ionization in galaxies [575]. These tracers have been detected in the nuclear regions of ULIRGs, revealing that strong CR irradiation is driving substantial ionization. Rates of   10  − 13    s    − 1    have been measured in some galaxies [551,576]. This exceeds the canonical value for the Milky Way by around four orders of magnitude. As CR ionization is closely related to CR heating power in ISM gas (e.g., [229]), these measurements demonstrate the likely importance of CRs in setting the thermodynamics of IR-luminous galaxies.



Dusty, bright submillimeter galaxies (SMGs) are even more compelling targets for observational studies of CR ionization and feedback. These are among the brightest and most prolific star-forming galaxies in the Universe, and are believed to form an important stage in the evolution of massive elliptical galaxies seen in the local Universe [577]. SMGs, being rich in CRs, represent a domain where our understanding of galaxy formation and evolution remains uncertain. Obtaining a clear determination of the impact of CR effects on the development of massive elliptical galaxies is therefore important. Similar to LIRGs, SMGs are very dusty [578,579]. The far-IR emission from this dust in SMGs produces a strong continuum at submillimeter wavelengths. This serves as an effective back-light for absorption lines originating from molecular ions associated with CR ionization in their ISM. The shape of the spectral energy distribution (SED) of SMGs overcomes cosmological fading. Their apparent luminosity increases with redshift, resulting in a nearly constant apparent flux density at submm wavelengths between z = 0.5–7 [580]. This so-called ‘negative k-correction’ is a clear observational advantage. When coupled with gravitational lensing and the excellent sensitivity of state-of-the-art facilities like ALMA, CR feedback in individual galaxies during the cosmic noon and before can be thoroughly explored.



Ground-based instruments like ALMA are crucial for high-fidelity spatial observations of CR effects throughout galaxy interiors. Although lines from favoured molecular ion species often used to trace CR ionization usually fall outside accessible frequency ranges in the rest frame, cosmological redshift can bring some of them into observable bands [581]. Indeed, OH   +   and H   2  O   +   have recently been measured in cosmic noon galaxies with ALMA. CR ionization rates of   ζ =   10    − 16   –10    − 15    s    − 1    for SDP 17b and 10    − 16    for the Eyelash galaxy were found [581], indicative of some CR feedback activity. However, there are uncertainties in these values. For example, higher estimates, up to   ζ =   10    − 13   –10    − 11    s    − 1   , have been obtained for the Eyelash galaxy, but these are more model-dependent, based on the estimated galaxy SN event rate [582]. Moreover, the CR ionization rates determined by Ref. [581] may be associated with more distant, low-density, extended halo gas surrounding these compact SMGs rather than the galaxy itself.18 Further in-depth studies are therfore required to lift some of these ambiguities and obtain a more definitive measurement of CR ionization within SMGs and their halos.




5.2.5. Primordial Galaxy Evolution


CRs have been considered as a potential cause for the quiescent behavior and complex star-formation histories observed in some high-redshift galaxies [17,223]. A specific focus has been on post-starburst galaxies (PSGs), also known as E+A galaxies, which are found at both low [584,585,586,587] and high redshifts [94,588,589]. PSGs show strong Balmer absorption lines in their SEDs, indicating the presence of young stars. However, they lack the optical emission features typically associated with ongoing star formation. Additionally, the detection of metallic absorption lines (e.g., Ca, H, and K) suggests the existence of older stellar populations within these galaxies. These observations imply that PSGs have experienced multiple episodes of star formation, with one having occurred relatively recently.



The star-formation histories of PSGs is perplexing. Their abundance of interstellar molecular gas would normally sustain star formation [584]. However, these galaxies evolved through multiple quenched epochs suggesting some kind of transient quenching mechanism arose at different points in their history. Conventional quenching mechanisms, such as those associated with AGN feedback, do not seem to play a significant role in shaping the evolution of E+A galaxies [590]. Additionally, the presence of large molecular reservoirs, dust, and a substantial ISM make the evacuation of gas by outflows an unlikely explanation for their behavior [585,586,587,591].



High-redshift PSGs are challenging to observe in detail. However, lower redshift systems are more accessible and have provided certain insights into the causes of their complex star-formation histories. In particular, they have been found to have a deficiency of dense molecular gas pockets [585]. This suggests that processes capable of providing additional pressure to their molecular gas reservoirs are at play. These could prevent the fragmentation and collapse of ISM and halo gas. CRs have been proposed as a potential agent able to exert this pressure in both the ISM and CGM. They can act directly on semi-ionized magnetized gas (e.g., [232]), or they can operate indirectly by heating gas within (e.g., [230,592]) or around [593] galaxies, or by modifying inflows of gas through the CGM [17,223]. However, to establish the role of CRs conclusively, a distinctive signature of their effects within these systems is required.



Recently, several possibilities have been considered to identify a distinct ‘smoking gun’ signature of CR feedback in PSGs. One approach focuses on the progressive and delayed nature of this feedback. If CRs serve as the primary feedback mechanism within a galaxy, their effectiveness relies on the growth and saturation of the galactic magnetic field to levels of a few  μ G. This is necessary to contain of CRs and enable a sustained delivery of their feedback power [14,17]. This produces a progressive feedback effect, characterized by a delayed onset. In a population of PSGs, this delayed feedback would be identified from a proportional relationship between the level of star-forming activity during a starburst phase and the duration of a subsequent quenched phase. Additionally, an inverse correlation would be expected between the star-formation rate during the burst phase and the duration of the burst itself (see Figure 10 and Refs. [223,594]). By conducting population studies of multiple PSGs experiencing CR regulation, these trends would emerge with minimal scatter to reveal a signature of CR feedback. In contrast, more stochastic feedback mechanisms like energetic hypernova events deliver feedback abruptly and randomly, resulting in widely scattered timescales that exhibit a less pronounced inherent dependency on galaxy properties [594].





5.3. Cosmic Ray Effects in Circumgalactic Media


5.3.1. Phase Structure of Circumgalactic Media and Cosmic Ray Effects


The CGM is a major component of a galaxy’s ecosystem. As a conduit for all gas flows into and out of a galaxy, it can have a strong influence on a galaxy’s evolution (for reviews, see [595,596,597]). In particular, it regulates a galaxy’s fuel supply, star formation capacity, and the hydrodynamic state of the gas that ultimately reaches a galaxy’s ISM. In systems dominated by thermal pressure, the CGM consists mainly of a hot, tenuous gas phase with cool gas confined to dense filaments in local pressure equilibrium [466]. However, some galaxy-scale simulations including the effects of CRs have shown that they may dominate the pressure in the CGM surrounding certain galaxies [466,598]. This opens up the potential for CRs to participate in extrinsic feedback mechanisms which operate on the large-scale processes externally regulating the evolution of a galaxy. In cases where CR pressure dominates a galactic halo, CGM baryons primarily exist in a cold phase at approximately   10 4   K [466,599]. Observations have detected this cold gas in the CGM of galaxies of all types, extending up to around 300 kpc [600,601,602,603]. This is comparable to the full extent of the CGM (traced up to 100–200 kpc using metal-enriched gas [604]).



Some galaxies are observed to sustain massive reservoirs of cold gas in their CGM. This should be able to fuel their star formation. However some of these galaxies appear to be quenched (e.g., [605,606]). This is indicative of a feedback support mechanism operating to reduce gas in-fall, precipitation, or accretion into the host galaxy to moderate its star formation. This support may be provided by thermal pressure exerted by the hot phase of the CGM (which may be partially heated by CRs through the excitation of short-wavelength Alfvén waves [226]), and/or non-thermal pressure contributed by CRs. The presence of CRs can significantly reduce cold gas supplied to the galaxy. They can also increase the fraction of cold gas mass held in the galactic halo by preventing its precipitation back toward the galaxy [607]. These effects and their dependence on CR activity offer an opportunity to establish constraints on effective CR transport in the CGM based on parameters such as the total hydrogen column density, average star formation rate, and gas circular velocity [608].




5.3.2. Cold Gas Formation from Thermal Instabilities


The partition of matter between the hot and cold CGM phase components is set by the local thermodynamic conditions and the supply of gas. The cold phase has multiple possible origins. One possibility is its direct formation from the hot tenuous phase. In this scenario, thermal instabilities give rise to runaway cooling and cold gas condensation [532,609,610,611,612,613]. CRs have been shown to modify this process [607]. For example, CR pressure supports more diffuse gas at lower temperatures [464,512,614] allowing cooling without collapse [615,616] and the formation of a cool, low-density CGM component [607]. This cold gas component may form as a suspension of small cloudlets, mixed into the warmer phase. Inefficient CR transport can promote the development of larger cloudlets. These can be several orders of magnitude larger in size compared to cloudlets in a purely thermal CGM [607]. When CRs dominate the pressure of a CGM, the halo is comprised of mainly diffuse cool gas (∼  10 4   K), with a large filling factor and a thermal pressure that is insufficient for virial or local pressure balance [466]. Such conditions have been shown to be more prevalent for larger halo masses and lower redshifts [617]. In these cases, the gas phase configuration and hydrodynamics differ substantially from more multi-phase CGM compositions [466]. In particular, the additional CR pressure leads to a smoother CGM on small scales, with lower temperatures [618].




5.3.3. Cold Gas Supply by Inflows and the Impacts of Preventative Feedback


In addition to its formation by thermal instabilities within the CGM, cold gas can be supplied to a galactic ecosystem by accretion from the cosmic web (see [595]; also Figure 11). At high redshifts, typically above   z ∼ 2  , this happens by means of cold accretion flows [619,620] which pass through the CGM and can directly fuel efficient star formation in the host galaxy [621,622].19 These flows can fragment as they fall through the CGM towards the host galaxy [624,625], or may be reinforced by condensation due to CGM gas cooling [626]. Recent observations have found evidence of cold accretion flows with Hydrogen recombination lines [627,628]. These lines are emitted by warm (  ≳  10 4   K  ) Hydrogen gas cooling as it flows towards the host galaxy (e.g., [629,630]). CI emission has also revealed in-flowing CGM gas around galaxies at much lower temperatures of 10–100 K [625].



Strong feedback mechanisms, such as the confluence of winds from stellar populations [631], high-energy processes associated with CRs in the host galaxy [223], or outflows (see [632]; also Section 5.3.5), can impede the ability of cold accretion flows to penetrate through the CGM. Outflows with large filling factors can introduce particularly severe disruption. These are expected to be especially widespread in CR pressure-dominated systems [466,617]. When cold accretion flows are restricted, or even stopped, a so-called preventative feedback scenario is established. Gas recycling in the CGM and the supply of pristine gas to the host galaxy is strongly curtailed. This preventative scenario can be regulated and enhanced by CRs, leading to considerably extended gas recycling times [633].20 When a preventative feedback scenario has taken hold, gas may instead be supplied to build up the outer CGM. There, it can form a reservoir to fuel star formation at a later time. Stunted cosmic gas supply by preventative feedback has been considered to lead to the emergence of ‘red-and-dead’ massive spheroid galaxies below   z < 1   [619]. These galaxies undergo a gradual quenching process as they deplete their remaining gas reservoir over Gyr timescales (e.g., [635]). In high redshift settings, transient preventative feedback by CRs has been proposed as a driver for more complex star formation histories [17,223] inferred for candidate   z > 7   galaxies in recent observational studies (e.g., [94,589,636]).




5.3.4. Cold Gas Supplied from the Interstellar Medium


Cold gas within the CGM can also have its origins within the ISM of the host galaxy. It is advected into the CGM by multi-phase galactic outflow winds and fountains, which can drive gas far into the CGM. A cold phase can develop in this advected ISM gas through various mechanisms. These include thermal instabilities [637,638], dynamical instabilities (e.g., [639]) or the entrainment of cold clumps or clouds from the ISM that are accelerated within the outflow [640]. Outflows can be driven by CR pressure, thermal gas pressure or radiation pressure (see Ref. [641] for a review). The interaction between these driving mechanisms and entrained cold clouds leads to distinct multi-phase configurations and kinematics within the outflow. For example, CR-driven flows tend to be cooler than their thermal-pressure driven counterparts, and faster than radiatively driven winds (e.g., [15]). Cold clumps within CR-driven flows are subject to significant CR pressure support. This can favour the development of larger cold clumps [607,637,638] or a lower density cold phase in the flow [234,235,638] than would be expected in a thermally driven or radiatively driven system (see [642] for a study of cloud properties in thermal and radiation-driven outflows).



Recent simulation work has set out a picture of the acceleration, survival and evolution of cold clouds in galactic outflows, as well as the effects brought about by CRs. In particular, it has been established that cold gas clouds can be accelerated by CR streaming through the CR ‘bottleneck’ effect in outflows [233,235,236,638] and galactic halos [234]. This is where CRs are forced to slow down when they encounter a cloud, as they cannot stream down their density gradient. CR density is enhanced on the side of the cloud facing the CR flux, exerting pressure forces and heating it. This accelerates the cloud, and can affect its structure, e.g., by stretching it [235]. Moreover, its heating impact on CR-mediated acceleration fronts broadens the cloud-halo interface, resulting in detectable changes in ionic abundances [234].



The CR bottleneck effect preferentially accelerates the side of the cloud experiencing the strongest CR pressure gradient. This is usually facing the CR source [233,638]. The resulting differential acceleration causes the fast-moving gas to detach from the bulk of the cloud to form small clouds. These are less likely to survive the acceleration process (e.g., [643]).21 While this means cloud morphologies will be different in a CR-driven flow compared to a thermally driven system, this process implies that clumps entrained in a CR-driven wind will also experience a loss of gas mass over time. This is in contrast to clouds entrained in a hot thermally driven wind, which typically gain mass during their entrainment [638].




5.3.5. Cosmic Ray Impacts on Galactic Outflow Physics


CRs can play a key role in driving galactic outflows [15,512,646,647,648,649,650,651,652]. Their influence leads to modifications in the flow dynamics and physical properties [15,480,598,653,654] which can be observed in various ways, including with X-rays [655] or with Lyman- α  spectra [656]. Recent numerical studies have extensively explored CR-driven winds. These have considered steady-state and time-evolving numerical models, covering a wide range of boundary parameters and physical complexity. Examples include variation of the gas conditions at the base of the flow (e.g., [654,657,658]), star formation rate in the host galaxy (e.g., [15,651,652,654]), mass input/loading rates into the flow [652,659], gravitational potential (e.g., [15,652,654,657,658]) or halo mass [660], magnetic and/or gas-to-CR pressure driving ratio (e.g., [15,652,657,659]), and flow angular momentum (e.g., [657,661,662]). The impacts of the precise CR transport physics has also seen substantial progress, with studies investigating the effects of CR advection and diffusion [512,651,653,659,661,662,663], diffusion and streaming [215,650,651,664],22 impacts of driving by CR streaming [479,480,665,666], streaming suppression due to turbulent and/or wave damping [479,480,666,667], CR cooling (e.g., [667]), gas cooling with CR heating (e.g., [668]), and consideration of spectrally resolved treatments of CRs [461,479,658,669,670]. Multi-phase gas flow structure [662] and its impact on CR transport [653] and CR acceleration (e.g., [671,672]) have also been investigated. Specific parameter sets to simulate specific classes of galaxies (e.g., [659]) and model fits to individual galaxies (e.g., the M82 superwind) from  γ -ray and radio emission [545,548]23 have also been provided. Additionally, simple analytic scaling relations between halo velocity, carrying capacity and mass loading have been obtained [657]. These capture the broad variety of CR-driven and hybrid flow behaviours that are reflective of earlier scaling relations obtained empirically for mass loading factor, thermalization efficiency and flow velocity (e.g., [673,674,675]).




5.3.6. Cosmic Ray Effects on Circumgalactic Baryon Recycling Flows


Outflows play a direct role in the exchange of energy and baryons between a galaxy and its CGM [595,676]. They propel enriched gas into the CGM and beyond, some of which can return to the galaxy through baryonic recycling flows [677,678,679]. Alternatively, this gas can be completely expelled from the galactic ecosystem, contaminating the surrounding IGM with metals [680,681] and magnetic fields [682,683,684]. Even in cases where gas eventually recycles back to the host galaxy, it can reside in the CGM reservoir for extended periods, possibly exceeding 1 Gyr, especially in the case of very massive galaxies (e.g., [676,685,686]).24 Despite these long timescales, simulations have demonstrated that a significant fraction, up to half [348] or more (e.g., [676,686,687]), of the baryons in the CGM within a virial radius pass through the ISM of their host galaxy at least once by   z = 0  . The influence of CR pressure can modify this recycling process significantly, leading to pronounced changes in outflow morphology (e.g., [688,689]), and a diminished [633] or even completely suppressed [690] virial shock. This results in substantial alterations to the kinematics of both warm and cool CGM gas [691,692]. CR-driven outflows tend to exhibit cooler temperatures and smoother density structures [232,598,614], extending far into the CGM [510,512,633,647,648,688,689,692,693,694,695]. It is this extended reach which gives them particularly influence over the regulation of CGM recycling flows.



The effect of CRs on CGM recycling can be especially consequential in massive halos (above    10 11    M ⊙   ) and at low redshifts (  z ≤ 1 − 2  ) [633]. CR effects have also been examined in relation to regulating the baryonic content of dwarf galaxies [465], where CR diffusion has been found to yield relatively cold, dense winds. In the absence of CRs, the high thermal pressure of gas typically traps galactic outflows near the disk of their host galaxy [633]. This forces the development of low-altitude recycling flows and practically mimics a scenario where an outflow is not present at all [595]. The presence of CRs leads to the formation of a halo with lower thermal pressure, facilitating outflow escape (the CR pressure does not resist outflow expansion due to diffusion). The continuous flow acceleration provided by CR pressure propels material deep into the CGM, spanning Mpc scales [617]. This reduced confinement of material has been demonstrated to diminish flow recycling in some simulations (e.g., [633]) with significant long-term consequences for the evolution of the host galaxy. Higher CR fluxes counter this effect by transferring more energy to the gas, driving stronger outflows [522] with radically altered morphologies. In strongly CR-dominated halos, outflows become nearly volume-filing and are predominantly comprised of cool gas (  T ∼  10 5    K) [466,617]. This leads to considerable modification of the dynamical structure of the CGM [633]. In multi-phase flows, the CR pressure support within cold clouds reduces their density and alters their kinematics [607]. The associated change in their buoyancy could have considerable consequences for the enrichment and star formation history of galaxies in CR-dominated ecosystems.




5.3.7. Cosmic Ray Micro-Physics on Circumgalactic and Galactic Scales


Many of the large-scale effects of CRs in the CGM are greatly influenced by the underlying models used to describe CR propagation and interactions on very small scales, called the micro-physics. These models are subject to substantial uncertainty and are poorly constrained. This can lead to large variations in predicted galaxy properties, which are even more severe in the CGM [464,618]. Even relatively small differences in CR transport treatments or numerical approaches [696,697] can produce tremendous variation in simulated galaxies and their CGM [464,664], and circumgalactic flows (e.g., [649]). Discrepancies also arise when comparing CR propagation models with observed CR scaling relations in the solar-terrestrial environment, such as spectral slopes and the Boron-to-Carbon (B/C) ratio. It is therefore clear that the reliability of most current treatments of CR transport micro-physics is limited (in particular, see [482,698]).



Observational data can provide some constraints on the CR transport models. However, suitable data for the transport of relatively low-energy GeV CRs is limited. These CRs typically scatter over gyro-radii of    r  g y   ≈ 0.22    E p  /  1  GeV     B /  1  μ G    − 1     au in the magnetic fields associated with galactic ecosystems. This gyro-radius serves as a reference length-scale, indicating where CR transport becomes diffusive (i.e., where the gyro-radius becomes comparable to the local coherence length of magnetic turbulence). Practically, it defines the scale where CR micro-physics must be resolved in order to make reliable macroscopic predictions about their transport. Achieving such gyro-scale resolutions in galaxy simulations or observations is extremely challenging. This poses a significant obstacle to the reliable construction and testing of CR transport models derived self-consistently from micro-scale CR processes. The resulting theoretical and observational uncertainties are substantial, and only weak constraints are possible. Even when adopting constraints from Milky Way observations such as diffusion coefficients adjusted to match  γ -ray observations [466,651], variations in micro-physical modeling have still demonstrated vast differences in macro-physical predictions (e.g., [651]).



In recent years, significant effort has been devoted to thoroughly exploring the impacts of different model prescriptions and uncertainties on galaxy-scale predictions of CR effects. Work has been conducted to critically examine the impacts of a wide range of standard approximations and physical treatments, including spectrally resolved CRs [461,669,670,699,700], anisotropic diffusion in CR-driven wind models [510,512,660], moderately super-Alfvénic streaming [480,512]25, anisotropic streaming [466], CR transport with self-confinement or extrinsic turbulence [29,702,703], constant diffusivity, explicitly evolved CR diffusivities, and varying turbulent cascade assumptions [703]. Although specific model configurations and parameter choices have been identified where all observational constraints can be reproduced (in particular, see [703]), these studies suggest that no single approach can be universally adopted for a complete treatment of CR transport while properly capturing all relevant micro-physical effects.



Despite this, progress has still been possible. Much of this has focused on connecting micro-scale CR transport to intermediate-scale effective fluid theories (e.g., [704,705,706,707]). These efforts are providing more robust ways of treating effective CR transport as a function of local plasma properties [19,29]. Moreover, galaxy simulation work has started to reach pc-scale resolution (e.g., [617]). This can capture environmental variations through interstellar and circumgalactic media which affect CR transport. It can also reach the deflection length-scales of GeV CRs for observationally favoured values of the CR scattering rate [703] so CR trajectories can be followed over the structural scales of their medium. While a full model of au-scale CR propagation is not yet within reach, current capabilities are now sufficient to construct reliable effective CR transport prescriptions as a function of local physical conditions. Theoretical studies are now beginning to propose simplified relations that are physically robust on galaxy or CGM scales and computationally efficient to adopt [708]. These efforts open up the potential for tangible advancements in the development of self-consistent effective transport models on galactic scales.






6. Summary and Conclusions


In this review, we have provided a cross-section of recent advancements in our understanding of CR processes within galactic environments. By adopting a multi-scale perspective, we have explored the significance of CRs in galaxies, with a particular focus on their origins, containment, feedback impacts and observable signatures. To conclude, we have identified several areas where significant challenges exist that will be important to overcome if we are to significantly advance our understanding of CR feedback effects. We also highlight upcoming observational opportunities and emerging theoretical advancements that show promise to support progress in addressing these challenges in the near term. These opportunities and advancements bear the capability to elevate our understanding of CR processes in galaxies beyond its current level of maturity, and will likely guide future research directions in the coming years.



6.1. Pressing Issues


As we seek to consolidate our understanding of the role of CRs in galaxy formation and evolution, certain areas stand-out as focal points requiring particular attention. These represent emerging priorities within the field, where advancements would considerably aid progress in the construction and testing of the next generation of models. Addressing these priorities will serve as important milestones in our path forward:




	
Development of robust connections between multi-wavelength/multi-messenger observables and models of CR propagation and interaction, to support efficient testing of models with the wealth of upcoming new data.



	
Establish ways to address the significant numerical challenges involved with studying the effects of local plasma variations on CR instability growth rates, CR-MHD wave scattering and interaction rates, MHD wave damping, and micro-physical CR transport prescriptions.



	
Development of a self-consistent CR transport theory, including self-confinement effects, that aligns with observations.



	
Enhancement of CR+MHD numerical simulations to incorporate physically robust CR interaction and transport physics on galactic scales, that correctly account for physics at micro-scales.



	
Creation of a comprehensive suite of reliable CR transport theories applicable to galaxies across a wide range of scales and conditions, particularly in the vicinity of CR sources.



	
Construction of efficient models of CR interactions and propagation within multi-phase media, including ‘bottleneck’ effects around dense clouds, suitable for integration into MHD simulations.



	
Advancement of our understanding of wind-driving effects of CRs, including their interaction with MHD waves undergoing damping, within multi-phase fluid flows, and self-consistent coupling with existing treatments of radiation hydrodynamics.



	
Establish a comprehensive understanding of the thermal and dynamical impacts of CR heating and pressure support in the CGM, including their effects on inflows and outflows.









6.2. Upcoming Opportunities


The advancing capabilities of ground-based  γ -ray telescope arrays will soon allow new science to be conducted at the highest of photon energies with unprecedented angular resolution and sensitivity. The principal development in this domain is CTA, which is expected to facilitate substantial scientific advancements (see [709]). Potential up-coming Southern observatories using the water Cherenkov detector technique, such as SWGO, will provide complementary capabilities such as a first unbiased survey more sensitive to PeVatrons in the Southern hemisphere [209,710]. Up-coming developments in the MeV band are also noteworthy. The Compton Spectrometer and Imager (COSI) [711,712] will be of particular importance in the coming decade, as it will open-up the possibility to conduct pioneering studies of  γ -ray polarization, as well as presenting significant improvements in sensitivity, spectral resolution, angular resolution, and sky coverage. COSI will particularly serve as a crucial tool for testing models of CR acceleration in nearby environments. It establishes a more complete picture of CR feedback in galaxies, by offering excellent continuum sensitivity that bridges the gap between the thermal and non-thermal regimes.



The next generation of high-energy instruments will also open-up the multi-messenger domain, principally through advancements in neutrino observations. The development of new facilities scheduled to be fully operational in the next decade, including KM3NeT [713], Baikal-GVD [714], IceCube-Gen2 [195], and P-ONE [196], will soon make the exploration of galaxies with multi-messengers a reality. In addition to this, recently established new facilities form part of an armada of observatories operating across the electromagnetic spectrum. Chief among these are ALMA and JWST. These are already allowing us to study external galaxies in unprecedented detail, and have opened-up new ways to pin-down the effects of CRs throughout the hierarchy of structures of galaxy media.



Theoretical and numerical developments form another avenue where significant progress is being made, paving the way for new scientific capability. Some especially noteworthy advancements are the emergence of simplified treatments of CR physics that are physically robust on galaxy or CGM scales and computationally efficient to adopt (e.g., [708]), and numerical tools that tackle CR transport physics and observational signatures simultaneously (e.g., [715]). There has also been considerable advancement of suites of simulations that are adopting more sophisticated physical recipes (for a recent review, see [716]), and moving beyond standard CR+MHD treatments. This emerging broader framework encompasses a wider range of physical effects relevant to CRs in galaxies. For instance, spectrally resolved CRs (e.g., [461,669,670,699,700]), alternative mechanisms for CR self-confinement and heating of thermal gas (such as pressure anisotropy instability) [717],26 and numerical simulations of MHD-dust-CR interactions, where the charged dust and CR gyro-radii on au scales are fully resolved [718].



With these ongoing theoretical advancements and the upcoming observational opportunities, we will soon be well-placed to confidently investigate the role of CRs in galaxies as active agents involved in shaping their evolution. This will allow us to refine our treatment of CR feedback dynamics in our understanding of galaxy evolution, bridging the gap from microscopic to macroscopic scales.








Author Contributions


E.R.O., K.W. and Y.I. wrote the draft of the paper. H.-Y.K.Y. and A.M.W.M. improved the manuscript by contributing text and providing insightful comments. All authors have read and agreed to the published version of the manuscript.




Funding


E.R.O. is an overseas researcher under the Postdoctoral Fellowship of Japan Society for the Promotion of Science (JSPS), supported by JSPS KAKENHI Grant Number JP22F22327. E.R.O. also acknowledges support from the Munich Institute for Astro-, Particle and BioPhysics (MIAPbP), where where some of this work was conducted and where insightful discussions at the “Star-Forming Clumps and Clustered Starbursts across Cosmic Time” program informed the early stages of this work. MIAPbP is funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) under Germany’s Excellence Strategy–EXC-2094–390783311. K.W. was supported in part by a UK STFC Consolidated Grant awarded to UCL MSSL and by the UCL Cosmoparticle Initiative. Y.I. is supported by JSPS KAKENHI Grant Number JP18H05458, JP19K14772, and JP22K18277. This work was supported by World Premier International Research Center Initiative (WPI), MEXT, Japan. H.-Y.K.Y. is supported by the National Science and Technology Council (NSTC) of Taiwan (109-2112-M-007-037-MY3) and the Yushan Scholar Program of the Ministry of Education (MoE) of Taiwan (ROC). A.M.W.M. is supported by the DFG—Project Number 452934793.




Data Availability Statement


No new data were created or analyzed in this study. Data sharing is not applicable to this article.




Acknowledgments


The authors thank Kentaro Nagamine (Osaka University), Shinsuke Takasao (Osaka University), Marcel Strzys (Institute for Cosmic Ray Research, University of Tokyo), Tomonari Michiyama (Shunan University), Sheng-Jun Lin (Academia Sinica Institute for Astronomy and Astrophysics), Ignacio Ferreras (Instituto de Astrofísica de Canarias) and Anatoli Fedynitch (Academia Sinica Institute of Physics) for discussions that helped to inform parts of this work, and two anonymous referees for their constructive comments on this article. Figure 2 and Figure 3 are reproduced from Ref. [273], “The secret agent of galaxy evolution” (Figure 5 and Figure 8), E. R. Owen, Astronomy & Geophysics, Volume 64, Issue 1, February 2023, Pages 1.29–1.35, under Rights and New Business Development—RAS Journals: permissions. Figure 3 is reproduced from Figure 7 of Ref. [305], “Probing the sea of galactic cosmic rays with Fermi-LAT”, Physical Review D 101, 083018 (2020), https://doi.org/10.1103/PhysRevD.101.083018, under the Creative Commons Attribution 4.0 International license. Figure 8 and Figure 9 (left panel) are reproduced in accordance with NASA Media Usage Guidelines. Figure 9 (right panel) was adapted from Lopez-Rodriguez et al. [516] (their Figure 1, left panel), under the terms of the CC BY 4.0 license. Figure 10 was reproduced from Ref. [594], under the terms of the CC BY 4.0 license.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations


The following abbreviations are used in this manuscript:



	AGN
	 Active galactic nucleus



	ALMA
	 Atacama Large Millimeter/Submillimeter Array



	Baikal-GVD
	 Baikal–Gigaton Volume Detector



	CC
	 Core-collapse



	CGM
	 Circumgalactic medium



	CMZ
	 Central molecular zone



	CMB
	 Cosmic microwave background



	COSI
	 Compton Spectrometer and Imager



	CR
	 Cosmic ray



	CSM
	 Circumstellar medium



	CTA
	 Cherenkov Telescope Array



	EBL
	 Extragalactic background light



	FIR
	 Far infrared



	GC
	 Galactic center



	HAWC
	 High Altitude Water Cherenkov Observatory



	HAWC+
	 High-Angular Wideband Camera Plus



	HIM
	 Hot ionized medium



	HMXB
	 High-mass X-ray binary



	HVC
	 High velocity cloud



	HyLIRG
	 Hyperluminous infrared galaxy



	IceCube
	 IceCube Neutrino Observatory



	IGM
	 Intergalactic medium



	IMF
	 Initial mass function



	IR
	 Infrared



	ISRF
	 Interstellar radiation field



	JCMT
	 James Clerk Maxwell Telescope



	JWST
	 James Webb Space Telescope



	KM3NeT
	 The Cubic Kilometre Neutrino Telescope



	LAT
	 Large Area Telescope (on the Fermi Gamma-ray Space Telescope)



	LHC
	 Large Hadron Collider



	LHAASO
	 Large High Altitude Air Shower Observatory



	LIRG
	 Luminous infrared galaxy



	LMXB
	 Low-mass X-ray binary



	MC
	 Monte Carlo



	MHD
	 Magnetohydrodynamic



	NIRSpec
	 Near Infra-Red Spectrograph



	NRSI
	 Non-resonant streaming instability



	PAH
	 Polycyclic aromatic hydrocarbon



	P-ONE
	 Pacific Ocean Neutrino Experiment



	PSG
	 Post-starburst galaxy



	SED
	 Spectral energy distribution



	SKA
	 Square Kilometer Array



	SMG
	 Submillimeter galaxy



	SMBH
	 Supermassive black hole



	SN
	 Supernova



	SNR
	 Supernova remnant



	SOFIA
	 Stratospheric Observatory For Infrared Astronomy



	SWGO
	 Southern Wide-Field Gamma-Ray Observatory



	UFO
	 Ultra-fast outflow



	ULIRG
	 Ultraluminous infrared galaxy



	UV
	 Ultra-violet



	VHE
	 Very high energy



	VLT
	 Very large telescope



	WIM
	 Warm interstellar medium



	WR
	 Wolf–Rayet



	XRB
	 X-ray binary










Notes


	
1

	

This is different from a non-resonant instability (see Section 2.1.3; also called Bell’s instability).






	
2

	

CR energy gains and losses are balanced, as they cancel owing to equal-intensity waves propagating in opposite directions [29]






	
3

	

It has also been shown that the opposite effect is possible, if dust streams super-Alfénically. In this case, CR propagation is suppressed, particularly on scales which are gyro-resonant with the dust [32].






	
4

	

Hadronic CRs are assumed in this discussion. Modified forms of the NRSI are relevant when it is driven by leptonic CRs [33].






	
5

	

It has been proposed that such production of muon anti-muon pairs can be part of a purely leptonic mechanism to produce TeV-scale neutrinos in astrophysical environments [77].






	
6

	

Prior to the Sedov-Taylor phase, a very small amount of particle escape may also arise during the ejecta-dominated phase (e.g., [118]), when the SNR shock experiences very minor deceleration [119].






	
7

	

This can also accelerate particles by a second-order Fermi mechanism (see, e.g., [151]).






	
8

	

O is the main progenitor CR of Be and B in typical spallation reaction chains, so the total production rate becomes proportional to the amount of O released into the ISM by SNe enrichment, and the amount of O as a source of Be and B production by spallation [168].






	
9

	

This is with the exception of secondary CRs injected by hadronic primaries, which may be non-negligible (e.g., see [192] which shows that the leptonic CR abdunance of galaxies could be a significant or dominant component of the leptonic CR flux in starburst galaxies).






	
10

	

We note that, at the time of writing, a recent pre-print for the First LHAASO Catalog indicates the number of detections at energies above 100 TeV may now have increased to 43 sources with a significance of 4 σ  [199].






	
11

	

However, an old SNR as an accelerator has been proposed as one possible scenario [208].






	
12

	

This instability develops when a perturbation to the magnetic field causes the field lines to bend. Gravity then pulls gas into the valleys of the magnetic field, which sinks and deepens the valleys.






	
13

	

More comprehensive approaches are possible by using sophisticated chemical codes to obtain a robust determination of CR ionization (e.g., UCLCHEM [268] or Astrochem [269]) and can relax steady-state approximations. Beyond direct studies of CRs themselves, other applications require a reliable determination of local CR ionization rate. For example, in the age determinations of molecular cloud cores [270].






	
14

	

Constraints on their hadronic and leptonic components have been estimated from the isotropic  γ -ray background [471], and the maximum synchrotron flux remaining after subtraction of the Galaxy’s contribution to the anisotropic radio background [472,473].






	
15

	

The far-IR radio correlation appears to be valid up to   z ∼   2–3 [492]. It may not hold at higher redshifts due to increased inverse Compton losses experienced by CR electrons interacting with the CMB. Conversely, the far-IR  γ -ray relation should not theoretically see strong variation with redshift, however instrumental constraints and extragalactic background light (EBL) attenuation make all but the nearest starbursts detectable in  γ -rays (see Section 5.2.3).






	
16

	

‘Conspiracies’ typically include efficient cooling of CR electrons in starbursts, and a combination of low effective ulta-violet (UV) dust opacity in lower surface density galaxies. Contributions from secondary CR electrons can also be invoked to counter decreased radio emission from bremsstrahlung, ionization, and inverse Compton cooling in starbursts [500]. However, these models can still pose a problem where CR electron density is directly proportional to the star formation rate of a galaxy, because of the increased radio synchrotron emission associated with the secondary electrons. These issues may instead be resolved by invoking models combining CR escape, cooling and secondary production [500].






	
17

	

Higher values are obtained if the possible advective impacts of outflows on CR containment are excluded (e.g., [546]).






	
18

	

This is because CH   +   generally arises in similar conditions regions of high OH   +   and H   2  O   +   abundances in clouds, and it has been proposed that CH   +   absorption lines from SMGs originate primarily in halo gas [583].






	
19

	

Recent studies have found tentative indications that gas inflows may persist around some high-mass galaxies in the nearby Universe [623].






	
20

	

Similar effects have been reported in other contexts. For example, even modest CR pressures can suppress cooling flows in galaxy clusters [634].






	
21

	

Magnetic draping (see [644]) can can partially mitigate cloud mass loss [645], and the inclusion of radiative cooling has been shown to enhance the resilience of clouds against CR effects, such as heating [235].






	
22

	

Note, however that Ref. [215] reported CR transport itself cannot reach a steady state and is not well described by either the CR streaming paradigm, the CR diffusion paradigm, or a combination of both.






	
23

	

Constraints on the the underlying wind physics have found that the role of CRs in the case of the M82 superwind is relatively limited [548].






	
24

	

Shorter median recycling timescales around 100s Myr have been reported by some studies (e.g., [686]).






	
25

	

For a review of Alfvén wave damping in MHD turbulence for CR streaming in galactic winds, see Ref. [701].






	
26

	

This development may be especially important on meso-scales, particularly near sites of CR injection [717].
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Figure 1. (Left) CR proton losses in terms of effective interaction path lengths for conditions representative of the hot ionized medium (HIM). Losses shown are due to pp interactions, p γ  (photo-pion and photo-pair) interactions in interstellar radiation fields, p γ  interactions in the cosmological microwave background (CMB), and adiabatic losses due to the expansion of the Universe. p γ  processes are inconsequential below energies of ∼10   7   GeV, with pp processes in this hot rarefied gas also being relatively unimportant. The pp interaction rate scales with gas density, and so would become much more severe in warm neutral gas or dense molecular clouds (cf. Table 1). (Right) Fractional energy transfer in hadronic collisions to the pp channel. At lower energies, pp losses entirely dominate hadronic processes. At higher energies, hadronic CRs are more likely to engage in p γ  interactions in environments with strong radiation fields. The p γ  path lengths shown here are computed using analytic approximations rather than by full numerical calculation. This can differ from a thorough treatment by as much as an order of magnitude [82], but is not consequential for the conclusions here. 
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Figure 2. Standard simplified network of chemical processes driven by CR-induced ionisation of H and H   2   in a molecular cloud. Pathways leading to the formation of OH   +  , H   2  O   +   and H   3  O   +   are shown. Termination steps are caused by neutralisation with electrons (which may be ambient free electrons, or even low-energy CRs) within the cloud are indicated in blue. It is also possible for polyaromatic hydrocarbons (PAHs) or carbon monoxide (CO) to facilitate some termination processes, as noted. Adapted from Ref. [273]. 
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Figure 3. Energy density of CR protons above 10 GeV as a function of distance from the Galactic Centre (GC). Estimates obtained from passive clouds are shown, with statistical (thick lines) and systematic (thin lines) errors shown by the error bars. Energy density of protons derived above 10 GeV. For each cloud are indicated the and the error bars. The data points from Ref. [314] are shown in red. The model adopted from [315] is shown by the black line, while the local proton density derived from the measurements of [175] is shown by the green dashed line for reference. Figure reproduced from Ref. [305]. 
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Figure 4. The hierarchical density structure of molecular clouds, ranging from diffuse regions to small dense cores where star-formation can occur [325]. From large to small scales, temperatures vary from a few 10s of K to a few K, and ionization fractions range from nearly    x i  ≈ 1   to    x i  ≈  10  − 7     [85]. CR propagation in the clouds is primarily diffusive, becoming less diffusive as higher neutral fractions damp MHD waves [219,220]. The continuous substructure of molecular clouds cannot be fully captured by a simple hierarchy of just a few distinct elements [326], and alternative distinctions between cloud components are equally valid (e.g., [327]) (Figure from Ref. [273]). 
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Figure 5. (Left) CR secondary electron spectra produced by CR protons interacting with gas of density    n H  = 1.0   cm    − 3   . Proton spectra are defined between 100 MeV and 1 PeV and normalized to an energy density of 1.4 eV cm    − 3   . Three power-law indices are considered, as labelled. Harder spectra transfer more power to higher energy secondary CRs. (Right) Efficiency of energy transfer from CR secondary electrons to gas heating over a range of densities found in molecular clouds. Free–free and radiative synchrotron emission are considered as losses, while heating is driven by ionization and Coulomb interactions. The efficiency depends on the local magnetic field structure and is highest at gas densities of    n H  ∼  10 3    cm    − 3   , corresponding to clumps in Figure 4. Softer CR primary proton spectral indices lead to higher heating efficiencies. This is because more electrons are produced at lower energies where thermalization channels are favoured. Heating by thermalization of MHD waves is not considered. It can vary substantially depending on local magnetic field configurations within individual molecular cloud complexes. 
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Figure 6. Illustrations of some possible scenarios for hadronic processes in galactic-scale environments associated with jets in a weak AGN (not to scale). (Left) The energetic particles in the jets interact with the ambient material, e.g., the ISM, near the central black hole. (Middle) Particles are accelerated and/or energised by the shocks formed inside the jet. (Right) The AGN jet interacts with stars or clouds trespassing into it. 
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Figure 7. Illustrations of example scenarios for hadronic interactions in stellar-scale accretion-powered jet sources (not to scale). (Top left) A strong radiation field is present near its central engine, the black hole. The energetic particles in the jets interact with the photons in the ambient radiation field, leading to photo-hadronic processes. (Top right) The binary system is embedded within a circum-binary envelope formed from the dense wind of a Wolf–Rayet star. The energetic particles in the jets interact with the baryons in the circum-binary material, through pp processes. (Bottom left) The binary system resides inside a wind-blown nebula bounded by neutral or lowly ionised ISM. The nebula could be clumpy, and contains substantial non-thermal particles, which can be hadronic or leptonic. Shocks may arise when the jets propagate through the nebula, which leads to particle acceleration and re-energisation. The energetic particles originally in the jets, and/or accelerated/re-energised in the shocks interact with the nebula material as well as the ISM interfacing with the nebula medium through pp processes. (Bottom right) A Pop III XRB consists of a compact object accreting material from a very massive companion star. The companion star is expect to drive a wind. This wind is relatively weak compared to line-driven winds from massive stars with high metalicity. The wind material could be somehow trapped near the star. If the jets are not perfectly aligned with the orbital rotational axis, they will be intercepted by the trapped wind envelope or even the companion star itself. 
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Figure 8. Full sky as seen with Fermi-LAT at energies above 1 GeV over 12 years of observations (Hammer projection). The Milky Way dominates the emission, and the Galactic Plane appears across the middle of the image as a bright diffuse glow. The Galactic interstellar diffuse  γ -ray emission originates from hadronic CR interactions with gas and leptonic interactions with the interstellar radiation field. It provides a clear signature for the presence of CRs. Image credit: NASA/DOE/Fermi-LAT Collaboration. Reproduced in accordance with NASA Media Usage Guidelines. 
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Figure 9. (Left) Magnetic fields in NGC 1068 shown as streamlines, measured using SOFIA’s HAWC+ instrument using polarized far-IR emission to observe dust grains aligned perpendicular to their local magnetic field vector. They are plotted over an X-ray/visible composite image (from HST, NuSTAR and SDSS). Magnetic fields follow the spiral arms, where elevated star-formation is taking place. The spiral arms in this galaxy will be the main source of CRs, and the magnetic fields aligned with them will preferentially channel CRs. This may introduce distinctive feedback patterns. Image credit: NASA/SOFIA; NASA/JPL-Caltech/Roma Tre Univ. Reproduced in accordance with NASA Media Usage Guidelines. (Right) Magnetic fields in Antennae galaxies probed at 154  μ m, overlaid onto an HST image (from [515]). This system is undergoing a collision, with two cores (NGC 4039 below and NGC 4038 above). The magnetic fields roughly align along a tidal tail to the west of the system, and the two cores show inter-connecting magnetic fields. A relic spiral arm persists to the North-East, associated with NGC 4038, which retains some magnetic field alignment. The correspondence between the magnetic field and density/relic spiral structures elsewhere has been completely disrupted. The resulting configuration of the system could channel CRs between the two cores, or release CRs along the tidal tail into the intergalactic medium (IGM). This may reduce CR containment in the individual components of this system. Figure adapted from Lopez-Rodriguez et al. [516]. 
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Figure 10. Illustration of the expected star-formation history of galaxies regulated by CRs. The case with a high star-formation rate shown in blue develops a saturated magnetic field relatively rapidly. Containment of CRs soon brings about the downfall of star-formation in the galaxy, before it later undergoes a resurgence. A galaxy with a lower star-formation rate, shown in red, takes longer to amplify its magnetic field, longer to generate a sufficient abundance of CRs to halt star-formation and sees weaker quenching with a quicker resurgence. Figure reproduced from Ref. [594]. 
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Figure 11. A schematic illustration of a secular galaxy and its circumgalactic environment. The CGM is shown in orange, with flows of gas in red (hot), blue (warm), and black (cold). Typical flow structures circulating baryons, metals, magnetic fields and CRs between the CGM and ISM of a galaxy are indicated. Outflows can be driven by the feedback activity resulting from concentrated nuclear star formation. Cold accretion flows of pristine material from the cosmic web can operate in more primordial settings above   z ∼ 2  . These flows may fuel intensive starburst activity. Recycling flows, which consist of multiple phases, facilitate the transfer of gas from the ISM to the CGM, enriching the medium, promoting cooling, and inducing inflow. CRs can modify these processes by providing pressure support, by driving/modifying flows, or by heating CGM gas to raise its thermal support and stability against gravitational collapse. 
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Table 1. Summary of parameters adopted for galaxy and ISM conditions in hadronic pp and p γ  path length calculations, as shown in Figure 1.
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Model

	
ISRF Energy Density

	
ISRF Radiation Temperatures

	
Gas Density

	
Redshift




	

	
Stars

	
Dust

	
Stars

	
Dust

	

	






	
Coronal gas/HIM     ( a )   

	
0.66

	
0.31

	
3000

	
17

	
0.004

	
0




	
Warm neutral gas     ( a )   

	
0.66

	
0.31

	
3000

	
17

	
0.6

	
0




	
Dense molecular cloud     ( a )   

	
–

	
–

	
–

	
–

	
10   3  

	
0




	
Molecular cloud core     ( a )   

	
–

	
–

	
–

	
–

	
10   6  

	
0




	
Inner starburst     ( b )   

	
79.2     ( d )   

	
1.5   ×   10 6   

	
18,000     ( e )   

	
135

	
6.5   ×   10 5   

	
0.018




	
ULIRG     ( c )   

	
673

	
310

	
18,000     ( e )   

	
135

	
0.1     ( f )   

	
0.64




	
Cosmic noon starburst     ( g )   

	
2630

	
1230

	
18,000     ( e )   

	
57

	
10   4  

	
2.33




	
Protogalaxy     ( h )   

	
2.77

	
1.30

	
18,000     ( e )   

	
40

	
0.0003     ( i )   

	
9.11








Notes:     ( a )    Densities for the phases of interstellar gas and Galactic ISRF properties adopted from [85]. For the dust component of the ISRF, we adopt the properties of the dominant component, although note that around 1/3 of the total dust emission power is thought to be emitted by polycyclic aromatic hydrocarbons (PAH) which would not strictly emit radiation of the indicated temperature.     ( b )    Nearby inner starburst parameters are adopted to emulate the inner circum-nuclear disk of Arp 220. Values taken from [86]. For dust emission properties, these values were originally derived from [87,88].     ( c )    ULIRG parameters are adopted to emulate the nearby Hyper Luminous IR galaxy (HyLIRG) IRAS F14537+1950, where the ISRF intensity is scaled by bolometric luminosity compared to the Galaxy, from [89]. Dust temperatures are assumed to be the same as the central nuclear disk of Arp 220, as heating by intensive star-formation activity would be similar.     ( d )    Interstellar radiation field (ISRF) stellar energy density is scaled from that of the Milky Way by star-formation rate, assuming a rate of 120    M ⊙     yr   − 1     for Arp 220 (following the estimate by Ref. [86]).     ( e )    Temperature of starburst galaxy stellar radiation field component adopted from [90], see also [91].     ( f )    Estimated from the Galactic column density towards F1437+1950 from Ref. [92], assuming a kpc sized galaxy.     ( g )    Properties based on the Eyelash galaxy, SMM J2135-0102 [93]. This is a lensed, dusty cosmic noon submillimeter galaxy where ISRF intensities are scaled against the Milky Way.     ( h )    Based on the properties of the lensed high-redshift galaxy MACS 1149-JD1, with physical parameter choices informed by Ref. [94]. The ISRF energy densities are scaled by star-formation rate against Milky Way values.     ( i )    Based on the dust mass obtained by [94], assuming a standard gas-to-dust ratio of 100 [95].
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