Searching for Intergalactic Shocks with the SKA

U. Keshet^a, E. Waxman^a, and A. Loeb^{b∗}

aPhysics Faculty, Weizmann Institute, Rehovot 76100, Israel

bAstronomy Department, Harvard University, 60 Garden Street, Cambridge, MA 02138, USA

Strong intergalactic shocks are a natural consequence of structure formation in the universe. These shocks are expected to deposit large fractions of their thermal energy in relativistic electrons (ξe ≃ 0.05 according to supernova remnant observations) and magnetic fields (ξB ≃ 0.01 according to cluster halo observations). We discuss the expected synchrotron emission from such shocks, and the observational consequences for next generation radio telescopes such as the Square Kilometer Array. We present an analytical model, calibrated and verified based on a hydrodynamical ΛCDM simulation. The resulting signal composes a large fraction (up to a few 10%) of the extragalactic radio background below 500 MHz. The associated angular fluctuations, e.g. δT_l ≳ 260(ξeξB /5 × 10^{−4})(ν/100 MHz)^{−3} K for multipoles 400 ≲ l ≲ 2000, dominate the radio sky for frequencies ν ≲ 10 GHz and angular scales 1^′ ≲ θ < 1^∘ (after a modest removal of point sources), provided that ξe ξB ≳ 3 × 10^{−4}. The fluctuating signal is most pronounced for ν ≲ 500 MHz, dominating the sky there even for ξe ξB = 5 × 10^{−5} . We find the signal easily observable by next generation telescopes such as the SKA, and marginally observable with present telescopes. The signal may be identified using cross-correlations with tracers of large-scale structure (e.g. γ-ray emission from intergalactic shocks). Detection of the signal will provide the first identification of intergalactic shocks and of the warm-hot intergalactic medium (believed to contain most of the baryons in the low redshift universe), and gauge the unknown intergalactic magnetic field.

1. Introduction

The gravitational formation of structure in the universe inevitably produced strong, collisionless shocks in the intergalactic medium (IGM), owing to the convergence of large-scale flows. In these shocks, electrons are believed to be Fermi accelerated up to highly relativistic (≳ 10 TeV) energies, limited by inverse-Compton cooling off cosmic microwave background (CMB) photons [43]. The resulting γ-ray emission traces the large-scale structure of the universe. Rich galaxy clusters should be detected by future γ-ray missions as γ-ray sources [43,66,70] in the form of accretion rings with bright spots at the intersections with galaxy filaments [35]. Recently, a possible association of γ-rays (measured by the Energetic Gamma- Ray Experiment Telescope, EGRET) with Abell cluster locations was identified at a 3σ confidence

∗Einstein Minerva Center, Physics Faculty, Weizmann Institute of Science

level ([54], but see also [51]).

In addition to the inverse-Compton emission from intergalactic shocks, synchrotron radiation should also be emitted by the relativistic electrons, as they gyrate in the shock-induced magnetic fields. The resulting radio signature is expected to trace the structure of the universe at low redshifts (z ≲ 1), and to be dominated by rich, young galaxy clusters. Indeed, extended radio emission with no optical counterpart is observed in about 10% of the rich galaxy clusters (radio halos and radio relics, see [24] and contribution by Feretti, this volume), and in more than a third of the young, massive clusters (with X-ray luminosity L_X > 10^{45} erg s^{−1}, see [22]). The radio emission has been identified as synchrotron radiation from relativistic electrons, but there are different models for the origin of the electrons and the magnetic fields involved (for a recent discussion, see [4]). Observations of nine radio relics were used [20] to suggest an association between these sources and structure formation shocks, focusing on the possibility that the relics are revived fossil radio cocoons originating from nearby radio galaxies, re-energized through diffusive shock acceleration. Recently, large-scale diffuse radio emission was discovered around a filament of galaxies, possibly tracing an accretion shock on this scale [3].

Waxman & Loeb (2000, [70]) have proposed a simple model, which allows one to estimate both the radio and the γ-ray signatures of intergalactic shocks, produced by electrons accelerated from the inflowing plasma. Their model allows one to estimate the radio and the γ-ray backgrounds and their anisotropy characteristics, as well as the signature of individual clusters. The model uses dimensional analysis arguments to estimate the properties of the virialization accretion shock of a halo, as a function of redshift z and halo mass M. Halo abundance estimates at different redshifts [such as the Press & Schechter (1974, [49]) halo mass function], may then be used to calculate various observables. The model approximates the strong accretion shocks as being spherically symmetric, and neglects weak merger shocks. A fraction ξ_e ≃ 0.05 of the shock thermal energy is assumed to be carried by relativistic electrons, based on observations of supernovae remnants (SNRs, for a discussion, see [35]). Observations of ≳ 0.1 μG magnetic fields in cluster halos (for a recent review, see [14]) require that a fraction ξ_B ≃ 0.01 of the shock thermal energy be transferred into downstream magnetic fields. The model has been generalized for a ΛCDM universe by Keshet, Waxman & Loeb (2004a, [36]). The free parameters of the model were calibrated according to global features of a ΛCDM simulation, and verified to give radio and γ-ray signatures consistent with the signatures found directly from the simulation. Shock asymmetry was incorporated into the model by introducing a geometrical correction factor, approximately measured from the simulation.

Identification of radio or γ-ray emission from intergalactic shocks holds a great promise for advancing current knowledge on shock formation in the IGM. It should provide the first direct evidence for such shocks, revealing the underlying large-scale cosmological flows. When combined with γ-ray detection, the radio signal will provide a direct measure of the unknown magnetic fields in the IGM, possibly shedding light on the processes leading to IGM magnetization. Emission from large-scale shocks traces the undetected warm-hot IGM at temperatures 10^5 K ≲ T ≲ 10^7 K that is believed to contain most of the baryons in the low redshift universe (see e.g. [17]). Moreover, the signal may be used to study non-thermal physical processes in the intergalactic environment, such as Fermi acceleration in low density shocks.

In this chapter we discuss the radio signature of intergalactic shocks, and the observational consequences for next generation radio telescopes such as the Square Kilometer Array. In §2 we review the model for radio emission from intergalactic shocks, and test its validity. In §3 we discuss the observational consequences of the predicted radio signal, with emphasis for the SKA, and examine confusion with various foreground and background signals. Finally, §4 summarizes our results and addresses their potential implications. We discuss methods by which the signal may be identified, and present some consequences of a future positive detection of the signal.

2. Model

Here we study the extragalactic radio signal expected from the strong intergalactic shocks involved in structure formation. We begin by constructing the model from dimensional-analysis arguments [70] in §2.1. Next, we present a generalized version of the model [36], corrected and calibrated for a ΛCDM universe. The energy fractions ξ_e and ξ_B are evaluated in §2.3, and a comparison between model predictions and radio halo observations is presented in §2.4.

In the following we use a ’concordance’ ΛCDM model: a flat universe with normalized vacuum energy density Ω_Λ = 0.7, matter energy density Ω_M = 0.3, baryon energy density Ω_B = 0.04, Hubble parameter h = 0.67, and an initial perturbation spectrum of slope n = 1 and normalization σ_8 = 0.9. The various parameters of the cosmological model are summarized in Table 1.

Table 1 Cosmological model parameters.

Parameter Meaning Value h Hubble parameter 0.67 k Curvature 0 Ω_m Matter energy density 0.30 Ω_{dm} Dark matter energy density 0.26 Ω_b Baryon energy density 0.04 Ω_Λ Vacuum energy density 0.70 χ Hydrogen mass fraction 0.76 n Fluctuation spectrum slope 1 σ_8 Spectrum normalization 0.9

2.1. Dimensional Analysis

Dimensional analysis arguments can be used to relate the mass M of a virialized halo, its velocity dispersion σ, its smooth mass accretion rate Ṁ through strong shocks, its temperature T and the radius r_{sh} of its strong accretion shock, by [70] M = √ 2 5 σ^3(M, z) GH(z) , (1)

Ṁ(M, z) = f_{acc} σ^3(M, z) G (2) ≃ 2.5 × 10^{−10}f_{acc} h_{70} a^{−3/2}g(a) M yr^{−1} ,

T (M, z) = f_T k^{−1}_B μ σ^2(M, z) (3)

≃ 1.8 × 10^7f_T h^{2/3}_{70} a^{−1}g(a)^{2/3}M^{2/3}_{14} K , and r_{sh}(M, z) = f_r √ 2 5 σ(M, z) H(z) (4) ≃ 1.9f_r h^{−2/3}_{70} a g(a)^{−2/3}M^{1/3}_{14} Mpc .

Here H(z) = 100 h a^{−3/2} g(a) km s^{−1} Mpc^{−1} is the Hubble parameter, with a ≡ (1 + z)^{−1} and g(a) = [Ω_m + Ω_Λa^3 + (1 − Ω_m − Ω_Λ)a]^{1/2}, h_{70} ≡ h/0.70, μ ≃ 0.65 m_p is the average mass of a particle (including electrons), M_{14} ≡ M/10^{14}M_⊙, and k_B is the Boltzmann constant. The free parameters f_{acc}, f_T and f_r are dimensionless factors of order unity, which are roughly constant in the redshift range and cosmological model of interest, and must be calibrated separately. The definitions of the model parameters are summarized in Table 2, along with their values as calibrated in §2.2.

Note that the above estimates refer to strong shocks only; weak shocks that may result for example from mergers of comparable mass objects are ignored since they lead to accelerated electron distributions with little energy in highly relativistic electrons (for a discussion see [35]). Weak merger events may only enhance the predicted radio background from intergalactic shocks, and only in very low photon frequencies.

Collisionless, non-relativistic shocks are known to accelerate electrons to highly relativistic energies. In [35] it was shown, that SNR observations suggest that the energy density of relativistic electrons accelerated by a structure formation shock constitutes a fraction ξ_e ≃ 5% of the thermal energy density behind the shock (up to a factor of ∼ 2, see also discussion in §2.3.1). The maximal energy an electron can be accelerated to is limited by cooling, predominantly through inverse-Compton scattering of background CMB photons, yielding a maximal electron Lorenz factor γ_{max} ≃ 3 × 10^7 [43].

The model focuses on strong shocks, which accelerate electrons to a power-law distribution of index p = 2 in the differential number of accelerated electrons per electron energy (equal energy per logarithmic interval of electron energy). The luminosity of a halo of mass M at redshift z due to inverse-Compton scattering of CMB photons may thus be estimated as νL^{iC}_ν (M, z) = 1 2 ln γ_{max} [ Ω_b Ω_m Ṁ(M, z) μ ] [ ξ_e 3 2 k_B T (M, z) ]

≃ 1.1 × 10^{42} ( f_{acc}f_T ξ_e 0.05 ) ( h^{5/3}_{70}

7Ω_b Ω_m )

× [ a^{−5/2}g(a)^{5/3} ] M^{5/3}_{14} erg s^{−1} . (5)

Assuming that the energy density of the downstream magnetic field constitutes a fraction ξ_B ≃ 1% of the downstream thermal energy density, the magnetic field strength is given by B(M, z) = 0.14 ( f_T f^2_r ξ_B 0.01

)_{1/2} [ h^{4/3}_{70} ( 7 Ω_b Ω_m )_{1/2}]

× [ a^{−2}g(a)^{4/3} ] M^{1/3}_{14} μG , (6)

consistent with observation of galaxy cluster halos (see §2.3.2 for discussion). This yields a synchrotron luminosity ν L^{syn}_ν (M, z) = B(M, z)^2/8π u_{cmb}(z) νL^{iC}_ν (M, z) = 1.9 × 10^{39} ( f_{acc}f^2_T f^2_r ξ_e 0.05 ξ_B 0.01 ) h^{13/3}_{70} (7) × ( 7Ω_b Ω_m

)_2 [ a^{−5/2}g(a)^{13/3} ] M^{7/3}_{14} erg s^{−1} ,

where u_{cmb} is the energy density of the CMB. Note that whereas the inverse-Compton signal depends on the parameter ξ_B only logarithmically (through the maximal energy attained by the relativistic electrons), the synchrotron emission scales almost linearly with ξ_B .

Given the number density of halos of a given mass at a given redshift, dn(z)/dM, one may integrate equation (5) or equation (7) to predict the inverse-Compton or the synchrotron background from intergalactic shocks, ⟨νL_ν ⟩ = ∫ dz c dt dz ∫ dM dn(z) dM νL_ν (M, z) 4π(1 + z)^4

. (8)

For example, with the Press-Schechter halo mass function and our cosmological model, we find an inverse-Compton background flux ⟨νI^{iC}_ν ⟩ = 1.3 f_{acc} f_T (ξ_e/0.05) keV s^{−1} cm^{−2} sr^{−1}, and a synchrotron background flux ⟨νI^{syn}_ν ⟩ = 3.2 × 10^{−12}f_{acc} f^2_T f^{−2}_r (ξ_e/0.05) (ξ_B/0.01) erg s^{−1} cm^{−2}sr^{−1}.

The model may be used to calculate the twopoint correlation function of the radiation emitted by intergalactic shocks. The low optical depth of large clusters, which dominate the background, enables one to neglect cases where more than one cluster lies along the line of sight, and approximate [70]

δ^2I_ν (ψ) ≡ ⟨I_ν (û)I_ν (v̂)⟩ − ⟨I_ν ⟩^2 (9) ≃ ∫ dz c dt dz ∫ dM dn(z) dM 1 πr_{sh}(M, z)^2

× [ νL_ν (M, z) 4π(1 + z)^4

]_2 P_{1|2} [ ψ d_A(z) r_{sh}(M, z) ] , where û and v̂ are unit vectors that satisfy û · v̂ = cos ψ. The function P_{1|2} is the probability that one line of sight passes through a halo of radios r_{sh}, given that another line of sight passes through the same halo (see [36] for detail). Halo-halo correlations, neglected in equation (9), can only enhance the two-point correlation function. The fractional correlation function, ξ_ν (ψ) ≡ √ δ^2I_ν (ψ)/⟨I_ν ⟩, is independent of the dynamical parameters f_T , f_{acc}, ξ_e and ξ_B , and depends on the geometrical factor f_r only through the relation^2 ξ_ν (ψ; f_r) = f^{−1}_r ξ_ν (f^{−1}_r ψ; 1).

2.2. Fine-Tuned Model

The Press-Schechter mass function is known to disagree with numerical simulations, predicting less rare, massive halos and more abundant, low mass halos. The Press-Schechter approach agrees better with cosmological simulations, if the naive critical over-density δ_c(z) indicating collapse (calculated for spherical collapse) is replaced by [56] ~δ_c(z, M) = √a δ_c(z) { 1 + b [ σ^2(M) a δ_c(z)^2 ]_c} , (10)

where σ(M) is the variance of the density field smoothed on a mass scale M, and a, b and c are parameters of order unity. Numerically, good agreement with ΛCDM simulations is obtained if one chooses a = 0.73, b = 0.34, and c = 0.81 [33,7]. Such a modification enhances the expected background from intergalactic shocks, because it increases the density of rare, massive halos, which dominate the extragalactic signal. We thus find a 20% increase in the inverse Compton background, and a 50% enhancement in the synchrotron signal. In what follows, we use the modified halo number density, unless otherwise stated.

The spectrum of the integrated radiation from a halo accretion shock is essentially a broken power law, where the spectral break is introduced by inverse-Compton cooling. We focus on strong shocks which accelerate electrons to a power law energy distribution with index p = 2, implying

2At low (ν < ν_{br} ) or high (ν > ν_{max}) frequencies (see §2.2), the scaling relation is more complicated.

that the photon spectrum is flat (νI_ν ∝ ν^0) at high frequencies and scales as νI_ν ∝ ν^{1/2} at low frequencies. The maximal Lorenz factor γ_{max} to which electrons are accelerated implies maximal synchrotron frequencies around ν_{max}(M, z) ≃ 3.6 × 10^{14} [ B(M, z) 0.1 μG ]_2 T (M, z) 10^7 K × (1 + z)^{−4} Hz . (11)

The spectral break frequency roughly corresponds to the minimal energy at which electrons manage to significantly cool (say, by η = 50% of their initial energy) between the cosmic time of their host halo accretion shock (given by its redshift z) and the present epoch [35],

ν_{br}(M, z) ≃ 9 h^2_{70} ( η 1 − η )_2 B(M, z) 0.1μG (12) × [∫_z 0 (1 + z)^{3/2} g(a) dz ]−2 kHz .

The resulting synchrotron spectrum, integrated over all halos, cuts off below ∼ 100 MHz. This implies that when including also weak shocks, the integrated spectrum νI_ν peaks at frequencies around 100 MHz.

A hydrodynamical ΛCDM simulation [58,35] was used to obtain rough estimates of the dimensionless free parameters used in the model [36]. For this purpose, various global features of the simulated ΛCDM universe at the relevant epoch, 0 < z < 2, were compared to their values according to the model. The calibration scheme was then tested by comparing features of the radiation from intergalactic shocks, as extracted from the simulation and as calculated from the model. The resulting parameter values are summarized in Table 2. The energy fractions ξ_e and ξ_B can not be similarly evaluated from the simulation, but require independent observations (see §2.3).

The temperature parameter f_T was estimated using the temperature statistics of the baryonic component of the universe, indicating that although f_T has a weak redshift dependence, it lies in the range 0.45 − 0.55 for the relevant epoch. The accretion rate parameter f_{acc} was calibrated by the fraction of mass that has been processed by strong shocks in the relevant epoch. Comparing this fraction in the model and in the simulation indicated that f_{acc} has a weak redshift dependence, and lies in the range 0.08 − 0.17. The shock radius parameter f_r has been estimated by studying the morphology of cluster accretion shocks, suggesting that f_r lies roughly in the range 0.6 − 1.2.

An important aspect of the model is the sensitivity of the predicted synchrotron luminosity of a halo, but not its inverse-Compton luminosity, to halo asymmetry. Such asymmetries introduce spatial fluctuations in the thermal energy injection rate through the halo accretion shock, and enhance the synchrotron emission which scales as the square of the thermal energy, νL^{syn}_ν ∝ ṀT^2. This effect can be incorporated into the model by introducing a geometrical correction factor [36]. The localized nature of hot regions along the shock, and the large ratio ζ ≃ 10 between the temperature of these regions and the temperature of the dimmer, more extended regions, justify approximating all the emission from a halo accretion shock as originating from an effective smaller region, of scale ~r_{sh} ≃ r_{sh}/ζ. Replacing f_r with a different parameter, ~f_r ≡ f_r/ζ, thus enhances the synchrotron luminosity of the halo by a factor ζ^2, while leaving its inverse-Compton luminosity unchanged. As an order of magnitude estimate, ~f_r = f_r/ζ ≃ 0.05 − 0.20. Note that the two-point correlation functions are thus altered, power shifting to smaller angular scales.

Table 2 Intergalactic shock model parameters. Par. Quantity parameterized Value (Range) f_T Temperature 0.50 (0.45-0.55) f_{acc} Accretion rate 0.12 (0.08-0.17) f_r Shock radius 0.9 (0.6-1.2) ~f_r Injection scale 0.1 (0.05-0.2) ξ_e Electron energy fraction 0.05 (0.02-0.10) ξ_B Magnetic energy fraction 0.01 (0.005-0.04) Dynamical parameters are defined in §2.1 and calibrated in §2.2. Energy fractions are out of the shock thermal energy, and evaluated in §2.3.

With the ΛCDM-modified halo mass function and the best fit values described above, the model yields an inverse-Compton background νI^{iC}_ν ≃ 0.1(ξ_e/0.05) keV s^{−1} cm^{−2} sr^{−1}. The synchrotron spectrum is presented in Figure 4, the two-point correlation function in Figure 1, and the angular power spectrum (see §3.1) in Figure 3. It is encouraging to note that after calibrating the free parameters with essentially global features of the cosmological simulation, the model predictions agree well with results extracted from the simulation, regarding the γ-ray background [35], the radio background, and the synchrotron two-point correlation function [37]. A more accurate calibration of the parameters, including an evaluation of their redshift dependence, may be obtained from a detailed analysis of the various clusters identified in cosmological simulations.

2.3. Energy Conversion Efficiency Intergalactic shock waves are expected to accelerate electrons to highly relativistic energies, and to strongly amplify magnetic fields. The average fractions of shock thermal energy deposited in relativistic electrons (ξ_e) and in magnetic fields (ξ_B ) are both important parameters of our model, each bearing linearly upon the predicted synchrotron signal, and thus deserve a special discussion.

2.3.1. Electron acceleration

Collisionless, non-relativistic shocks are known to Fermi accelerate power-law energy distributions of relativistic particles. This phenomenon has been observed in astrophysical shock waves on various scales, such as in shocks forming when the supersonic solar wind collides with planetary magnetospheres, in shocks surrounding SNRs in the interstellar medium, and probably also in shocks in many of the most active extragalactic sources, quasars and radio galaxies [19,10]. The electron power-law distributions extend up to ∼ 100 TeV energies in SNRs [62], where shock velocities are of order v ≃ 10^3 km s^{−1}, similar to intergalactic shock velocities.

Although no existing model credibly calculates the acceleration efficiency, a simple argument [35] suggests that we may evaluate ξ_e in strong intergalactic shocks using the estimated accelera-

Figure 1. Fractional two-point correlation function ξ_ν (ψ, ν) of synchrotron background from intergalactic shocks. The signal, calculated according to the calibrated model (see §2.2 and Table 2) and shown for frequencies 1 MHz, 100 MHz and 10 GHz (solid lines, bottom to top), scales roughly according to ξ_ν (ψ, ν ; ~f_r) = ~f −1_r ξ_ν ( ~f −1_r ψ, ν ; 1) for ν_{br} ≪ ν ≪ ν_{max}. The signal calculated from a ΛCDM simulation (for ν = 100 MHz, neglecting emission below the break frequency ν_{br}, circles with dashed line to guide the eye, error bars represent statistical errors introduced by averaging over random pairs of lines of sight [37]) is similar to the corresponding model result (dash-dotted line), yielding even more small scale power.

tion efficiency of SNR shocks. Consider an ideally strong, non-relativistic shock wave, such that the shock Mach number Υ ≫ 1 and the thermal energy of the upstream plasma is negligible with respect to the shock energy. The physics of such a shock is essentially determined by three parameters: the shock velocity v, the upstream plasma number density n_u, and the upstream magnetic field strength B_u (in principle, the result may also depend on the detailed structure of the upstream magnetic field). The upstream density may be eliminated from the problem altogether by measuring time in units of ν^{−1}_p , where ν_p is the plasma frequency. The upstream magnetic field strength, parameterized by the cyclotron frequency, ν_c, can not be additionally scaled out of the problem. However, comparing ν_{c,i} (where subscript i denotes a property of the ions) to the growth rate of electromagnetic instabilities in the shocked plasma, ν_{ins} = ν_{p,i} v/c, indicates that their ratio in strong shocks satisfies (ν_{c,i}/ν_{ins})^2 = (B^2_u/8π)/(n_um_pv^2/2) ≪ 1. We thus assume that there is a well behaved limit when this ratio approaches zero, implying that the upstream magnetic field has little effect on the behavior of strong shocks. With this assumption, we expect to find much similarity between sufficiently strong shocks in different environments, provided that their shock velocities are comparable, regardless of the plasma density and the strength or structure of the upstream magnetic field. The little effect of upstream magnetic fields on strong shocks is supported by recent SNR observations, which suggest that the shocks produce magnetic fields much stronger than found far upstream (see §2.3.2).

We thus estimate the efficiency of strong intergalactic shocks from the strong SNR shocks, drawing upon the similarity between the velocities of the two families of shocks. The energy fraction deposited in relativistic electrons by SNR shocks was estimated by several authors, the most reliable estimates found for remnants with γ-ray detection such as SNR1006 [62]. From such studies, we deduce an electron acceleration efficiency around ξ_e ≃ 0.05, with an uncertainty factor of ∼ 2 (see [36] for details). An independent, less reliable method for estimating ξ_e relies on the ratio between the energies of cosmic-ray electrons and cosmic-ray ions in the interstellar medium, suggesting that ξ_e ≃ 1% − 2% (for a discussion, see [35]). However, since the relation between this ratio in the interstellar medium and immediately behind intergalactic (or SNR) shocks is unknown, this estimate is highly uncertain.

We stress that our estimate of ξ_e is based only on observations of SNRs, without provoking any elaborate model for the acceleration mechanism of the electrons by the shocks. The high efficiency of electron acceleration suggests that a non-linear theory (e.g. [8, and the references therein]) is required in order to account for the shock structure and the particle acceleration process. Non-linear theories for diffusive acceleration of particles by shock waves are at the present stage incomplete (for a recent review, see [45]). In particular, such models fail to produce the flat electron spectra, which are implied by the observations and predicted by a linear, test-particle approximation.

2.3.2. Magnetic field amplification Magnetic fields in galaxy cluster halos have been estimated using several techniques, based on diffuse synchrotron emission from the cluster, preferably combined with inverse-Compton detection, on Faraday rotation of background or embedded polarized radio sources, and on the observation of cold fronts in cluster X-ray images (for reviews, see [38,31,14]). The synchrotron emission from a cluster measures the volume-averaged magnetic field weighted by the relativistic electron distribution, and is thus most relevant for our model. Studies of the emission suggest volume averaged magnetic field strengths of the order of a few 0.1 μG, close to the values inferred for a minimal energy configuration with equal energy in magnetic fields and in relativistic electrons. Faraday rotation and cold front studies suggest stronger magnetic fields of several μG, but are sensitive to different measures of the magnetic field and to the assumptions made (see [36] for discussion).

A fraction ξ_B ≃ 0.01 of a shock thermal energy transferred to magnetic energy, implies magnetic field strengths that are an order of magnitude lower than their equipartition value (with respect to the thermal electrons, hereafter), and are close to their value in a configuration with equal energy in magnetic fields and in relativistic electrons (assuming ξ_e ≃ 0.05). In cluster halos, our calibrated model reproduces, for this choice of ξ_B , a volume-averaged magnetic field strength B ≃ 0.1 μG (for M ≃ 10^{14}M_⊙), although the ’bright spots’ could contain magnetic field strengths as high as 1 μG. The lowest observational estimates for cluster magnetic field strengths are > 0.05 μG, suggesting that ξ_B could be higher than our chosen value by a factor of a few, but is unlikely to be smaller than it by more than a factor of ∼ 2.

It is important to note that recent studies suggest that SNRs contain strong, near equipartition magnetic fields. For example, the highly localized nature of hard X-ray emission in the resolved sheets composing the shock front of SNR1006 strongly suggests the presence of strong, near equipartition magnetic fields behind the shock (e.g. [9]). The narrow extent of emission observed upstream of these sheets implies a small upstream diffusion constant, corresponding to upstream magnetic fields of strength ≳ 10 μG, with strong fluctuations (δB/B ≃ 1) on small, d ≪ 10^{17} cm scales [5]. Such magnetic field fluctuations are far stronger, and have much smaller scales, than found in the surrounding ISM, and so must be induced by the shock. These conclusions strongly suggest that the assumption, that the physics of a strong shock depends only weakly upon the far upstream magnetic field, is valid, justifying the analogy between strong intergalactic shocks and strong SNR shocks of comparable velocities.

2.4. Radio Halo Observations

Radio halos are observed in ∼ 35% of the young, massive galaxy clusters (with X-ray luminosity L_X > 10^{45} erg s^{−1}, see [24,22] and contribution by Feretti, this volume), and their radio luminosity is known to be correlated with the cluster temperature [40] and mass [26]. Figure 2 shows the specific luminosities of such halos for ν = 1.4 GHz, plotted against the temperature ranges of their host clusters. A simple power law fit to the data, L_ν (T, ν = 1.4 GHz) ∝ T^ϕ, gives ϕ = 3.55, which is very similar to the power law index ϕ = 7/2 predicted by our model, although the (calibrated) model yields a specific luminosity that is lower than observed by a factor of ∼ 8 (equivalently, the temperatures are discrepant by a factor of ∼ 1.8). A similarly good agreement between the model and the data is obtained when replacing the cluster temperatures with their estimated masses, giving L_ν (M, ν = 1.4 GHz) ∝ M^{2.2} [26], similar to the model prediction L^{syn}_ν (M) ∝ M^{7/3}. However, the estimated mass of a cluster is somewhat less certain than the measured temperature, and is sensitive to the definition of the cluster boundary.

Figure 2. Specific luminosities of radio halos for ν = 1.4 GHz, plotted against the temperature ranges of their host galaxy clusters (error bars with cluster names, adopted from [26,22]). The best power law fit to the data (solid line) scales as L_ν (T, ν = 1.4 GHz) ∝ T^{3.55}. The specific luminosity according to the model scales similarly, L_ν (T ) ∝ T^{7/2}, but the normalization (of the calibrated model, dashed line) is different; the dashdotted line presents the result of the model where the temperature was re-scaled by a factor of 1.8.

Some comments regarding Figure 2 are in place. First note, that the agreement between model and observations regarding the value of ϕ is insensitive to the free parameters of the model. The specific synchrotron luminosity of the model, when written as a function of halo temperature, scales linearly with the combination f_{acc}f^{−2}_r f^{−3/2}_T ξ_eξ_B . The strong dependence of this result upon the model parameters, and the low redshifts (z ≲ 0.3) of all the halos shown in Figure 2, suggest that the discrepancy between model and observations may be eliminated by better calibrating the parameters, and modelling their redshift dependence (note that this will increase the radio signal we predict). Second, note that the low fraction of clusters with observed radio halos could result from a combination of two effects: (i) not all clusters have been significantly accreting new mass at the cosmic time when they are observed; and (ii) the surface brightness of the halos observed is low, close to the instrumental sensitivity, suggesting that more radio halos will be observed with future telescopes. A varying accretion rate will tend to enhance the luminosity of the halos that are observed, possibly accounting for some of the discrepancy seen in Figure 2. Finally, note that in [46], a cosmological simulation was used to show that ϕ = 2.6−2.8 (for emission from electrons accelerated at shocks; for emission from secondary electrons produced by p-p collisions of cosmic ray ions, they found ϕ = 4.1 − 4.2). However, the simulation of [46] differs substantially from our model and simulation [35,37], regarding their cosmological model (SCDM), electron acceleration efficiency (ξ_e < 0.5%, see also [47]), and magnetic field normalization (⟨B^2⟩^{1/2} ≃ 3 μG for a Coma-like cluster).

3. Observational Consequences

In this section we examine the capability of present and next generation radio telescopes, in particular the SKA, to detect the radio emission from intergalactic shocks. In §3.1 we present the notations used. Various foreground and background signals are discussed in §3.2, in an attempt to assess the optimal conditions for detecting the emission from intergalactic shocks.

3.1. Notations

As mentioned in §2, the two-point correlation function of specific intensity fluctuations at a given angular separation ψ, is defined as

δ^2I_ν (ψ) ≡ ⟨δI_ν (û)δI_ν (v̂)⟩

= ⟨I_ν (û)I_ν (v̂)⟩ − ⟨I_ν ⟩^2 , (13)

where û and v̂ are unit vectors that satisfy û·v̂ = cos ψ, and δI_ν (û) ≡ I_ν (û) − ⟨I_ν ⟩. The specific intensity is related to the brightness temperature T_b (which approximately equals the thermodynamic temperature for the sky brightness and the frequency range of interest) by I_ν = 2ν^2k_B T_b/c^2. The following discussion of intensity fluctuations is thus equally applicable for temperature fluctuations, up to a multiplicative constant.

It is often advantageous to study the Angular Power Spectrum (hereafter APS) of various signals, in order to obtain a direct estimate of their importance at various angular scales. The angular power spectrum C_l is defined through the relation

δ^2I_ν (ψ) ≡ 1 4π ∞∑ l=1 (2l + 1)C_l(ν) P_l(cos ψ) , (14)

where P_l(x) is the Legendre polynomial of degree l. The power at a given multipole is often expressed using its logarithmic contribution to the intensity variance, δI_l ≡ [l(2l + 1)C_l/4π]^{1/2} (or δT_l for the variance of the brightness temperature), where multipole l roughly corresponds to angular scales θ ≃ 180^∘/l. Using the orthogonality of the Legendre polynomials, we may invert equation (14) to find the APS,

C_l(ν) = 2π ∫_π 0 δ^2I_ν (ψ)P_l(cos ψ) sin ψ dψ . (15)

The APS of synchrotron emission from intergalactic shocks may be calculated from the two-point correlation function (see Figure 1) using equation (15). The resulting APS, presented in Figure 3, peaks at multipoles l ≃ 400 − 4000 for the relevant frequency range, corresponding to angles θ ≃ 3^′ − 30^′.

The sensitivity of a telescope is often estimated using its RMS noise level for a given beam size σ = πψ^2, denoted δI_{rms} ≡ [δ^2I(σ)]^{1/2}. For well behaved signals, where the two-point correlation function δ^2I(ψ) is a monotonically decreasing function of ψ, one finds δ^2I(ψ) < δ^2I_{rms}(σ). Hence, the RMS noise level imposes an upper limit to the two-point correlation function sensitivity, and may be compared directly with the logarithmic contribution to the variance at the corresponding multipole, δI_l.

Figure 3. Angular power spectrum of the synchrotron background from intergalactic shocks, calculated according to the calibrated model (see §2.2 and Table 2) for frequencies 1 MHz, 100 MHz, and 10 GHz (dashed lines, bottom to top). The result of a ΛCDM simulation for ν = 100 MHz (neglecting emission below the spectral break [37], shown as a band with thickness corresponding to the statistical error) exhibits more power than the corresponding result of the model (dash dotted line), in particular on small, arcminute scales.

3.2. Competing Signals

In the following, we examine various foreground and background signals in the low frequency radio band. We focus on Galactic synchrotron foreground and on discrete radio sources, which contaminate the expected fluctuating signal on large and on small angular scales, respectively. Other extragalactic low frequency signals — bremsstrahlung from Lyα clouds and 21 cm tomography — are also discussed. The contribution of each signal to the sky brightness is shown in Figure 4, and its contribution to the variance on 0^∘.5 angular scales in Figure 5.

3.2.1. Galactic Synchrotron Emission

At low frequencies, ν ≲ 1 GHz, the brightness of the sky is dominated by Galactic synchrotron emission, produced by cosmic-ray electrons gyrating in the magnetic fields of the interstellar medium (ISM). At low Galactic latitudes, there is also a substantial contribution of free-free emission from low-latitude H II regions (e.g [1]). In the frequency range of interest, ν ≪ 10 GHz, the two-point correlation function is dominated by Galactic synchrotron emission, because of its significant power on large angular scales (see [36] for discussion). We thus focus on the contamination by Galactic synchrotron emission in high Galactic latitudes and on small angular scales.

With large uncertainties regarding the spatial distribution of Galactic cosmic rays and magnetic fields, the best estimates of Galactic synchrotron emission are obtained by extrapolating direct measurements carried out at frequencies and angular scales where synchrotron emission is reliably measured. We thus make the key assumption, often used in the literature, that the multipole dependence of the Galactic synchrotron APS varies little with frequency, such that C_l(ν) ≃ f(l)g(ν). The frequency dependence g(ν) of synchrotron emission can be modelled as a broken power law, and is discussed in [36]. The APS multipole dependence f(l) may be extracted from high resolution maps at ∼ GHz frequencies down to arc-minute scales (multipoles l ≃ 6000, [68]), and may in principle be extrapolated into the entire frequency regime and multipole range of interest.

The angular power spectra extracted from radio maps depend on a number of factors, most importantly the Galactic latitude range examined and the efficiency at which discrete radio sources are removed from the map. Unfortunately, high resolution surveys are available mostly for low latitudes, which are less promising as potential search sites for an extragalactic signal because they exhibit a stronger Galactic foreground, in particular at small angular scales. Nonetheless, improved high and medium latitude data have recently made it possible to extend our knowledge of the high latitude APS up to multipoles l ≃ 800.

The high latitude (60.5^∘ < b < 84.5^∘) low resolution (FWHM 0.6^∘ − 2.3^∘) maps of [11] for 5 frequencies between 408 MHz and 1411 MHz, have been used to estimate the APS up to l ≃ 70 (e.g. [12, table 6]). Analysis of the Bonn 408 MHz fullsky survey [30] suggests a power-law APS of the form C_l(l ≫ 1) ∝ l^{−β} with β ≃ 2.5 − 3.0 down to the survey resolution limit 0.85^∘, corresponding to multipoles l ≃ 200 [63]. With a characteristic coherence scale ∼ 5^∘ − 10^∘ for synchrotron emission (e.g. [59,6]), C_l ∝ (l + 5)^{−3} was claimed [63] to describe the APS rather well. Thus, although the contribution of Galactic synchrotron emission to the two-point correlation function is significant, it is dominated by large angular scales ∼ 5^∘ − 10^∘ (low multipoles l < 40) and introduces little contamination at small angular scales (see Figure 5). The APS exhibits strong fluctuations across the sky, suggesting that ’quiet’ regions may be identified and selected as preferable search sites for an extragalactic signal.

An analysis of the 2.3 GHz Rhodes map [34], with FWHM resolution 20^′, reveals strong variations of the APS with Galactic latitude, and a large contribution from discrete radio sources which tend to flatten the APS [23]. At high latitudes (|b| > 20^∘), removal of point sources using median filtering gives [23]

C_l ≃ A^2l^{−β} , (16)

with A = 0.3±0.2 K, and β = 2.92±0.07, valid up to l ≃ 100. Although the quoted uncertainties are large, comparison with the low resolution studies mentioned above indicates that the normalization A is probably no larger than 0.3 K. Similarly steep APS, with β varying in the range 2.60−3.35 for different medium latitude (|b| ≲ 20^∘) regions, were found from a 1.4 GHz survey carried out with the Effelsberg 100 m telescope [69], after removing > 5σ unresolved point sources [1]. The high angular resolution of the Effelsberg survey, ∼ 9.35^′, thus suggests that the steep power law discussed above holds up to multipoles l ≃ 800. Note that after removing the brightest intensity peaks associated with low latitude H II regions, the APS highly resembles the APS of the polarized intensity component [1], as expected for synchrotron emission.

3.2.2. Discrete Radio Sources

Discrete radio sources, mostly radio galaxies, active galactic nuclei (AGNs) and normal galaxies, make an important contribution to the extragalactic radio background. Catalogues of radio sources at several frequencies have been used to estimate their contribution to the radio sky [57,73]. This procedure is limited by the uncertain contribution of faint, unidentified sources (mostly normal galaxies), which dominate the background (see for example [74]) and must be modelled. Other studies have estimated the contribution of discrete sources to the radio background, utilizing the well-known correlation between the infra-red and radio flux densities of individual galaxies [50,28]. However, the results of such studies are sensitive to the unknown redshift evolution of the sources. In addition, the radioinfra-red correlation holds only in cases where the radio emission is associated with star formation. Hence, such studies must be supplemented by independent estimates of sources not associated with star formation, such as a catalogue-based estimate of the emission from AGNs [53].

The studies outlined above suggest that the contribution of discrete sources to the radio sky is roughly an order of magnitude lower than the observed sky brightness. This corresponds to 25% − 65% of the total extragalactic background, as estimated by spectral modelling of low frequency radio observations [15,13,36], although some evolutionary models (e.g. [50]) may even account for the entire strong extragalactic signal calculated by [15]. The spectral index of the integrated emission from point sources has been estimated to lie in the range s = 0.7−0.8 for frequencies in the range 100 MHz − few GHz [57,39,28], although some dependence upon scale may be expected because the source distribution is essentially bimodal [64]. At very low (ν ≲ 10 MHz) frequencies, the background from discrete sources turns around, probably because of synchrotron self-absorption [57].

It is easier to estimate the contribution of point sources to the APS, because the latter is dominated by the bright, well studied sources. Discrete radio sources have approximately a Poisson distribution in the sky, because projection

Figure 4. The low frequency radio sky. Ground-based (circles and error bars for the Galactic polar regions) and space-based (triangles for IMP-6 spacecraft minimum and maximum) observations are dominated by Galactic synchrotron emission (dash dotted line shows the modelled Galactic foreground toward the polar regions [36]) in low frequencies, and by the CMB (double-dashed line) at high frequencies. Various estimates of the extragalactic component (legend, see text) are typically an order of magnitude lower than the Galactic foreground. The background from intergalactic shocks according to the calibrated model (of §2.2 and Table 2, solid line) is roughly of the same magnitude, scaling according to I_ν ∝ f_{acc}f^2_T ~f^{−2}_r . This signal is also shown according to a ΛCDM simulation (accounting only for emission above the spectral break, dotted line, [37]). The frequency ranges of the SKA and the LOFAR (double arrows and corresponding shaded regions) and brightness temperature contours (dotted lines, labelled on the top and on the right axes) are also shown.

through their wide redshift distribution effectively diminishes their correlations (e.g. [63]). Hence, as long as the angular scales concerned are much larger than the angular extent of the sources, the two-point correlation function vanishes and the APS is flat, C_l ∝ l^0 (white noise), such that roughly δI_l ∝ l. One may estimate the APS as (e.g. [63])

C_l = ∫_∞ 0 S^2 ∂N ∂S dS , (17)

where S is the source flux and ∂N/∂S is the differential number density of point sources in the sky. The limited sensitivity S_{min} of the observations limits our knowledge of ∂N/∂S to sources with flux S > S_{min}, but since the number density of faint sources is not too steep, the possible error introduced is small. The upper limit of the integral, essentially determined by the brightest sources, can be lowered in order to reduce the noise, by modelling and removing the brightest sources from the analyzed map. However, this quickly becomes laborious as the number of sources increases, and introduces inevitable errors associated with source removal uncertainties.

Following [63], we use source counts produced by the 1.4 GHz VLA FIRST all-sky survey. A small fraction (∼ 10^{−4}) of the discrete sources in the FIRST catalogue have angular scales larger than an arc-minute [71], so the use of equation (17) is legitimate when dealing with multipoles l ≲ 10^4. The number density of radio sources (after performing a resolution correction for extended sources, [71]) is well fit in the flux range S = 1 mJy − 1 Jy by ∂N ∂S ≃ 1.5 × 10^8 ( S 1 mJy )_{−1.5}

× ( 1 + S 100 mJy )_{−1} Jy^{−1} sr^{−1} . (18)

For faint sources in the range S = 10 μJy−1 mJy, the number count steepens to ∂N/∂S ∝ S^{−γ} with γ = 2.2 ± 0.2 [74]. This changes the integrated brightness considerably, but has a negligible effect on the APS. Using equation (17), we find that for a modest cut at S_{max} = 100 mJy, corresponding to removal of the ∼ 7 × 10^4 brightest sources all-sky, C_l(ν) ≃ 1.7 × 10^{−8}(ν/1.4 GHz)^{−2.75} K^2. Using the 6C survey carried out at 151 MHz [29], we find that the above cut is equivalent to removal of sources brighter than ∼ 3 Jy at 150 MHz. As shown in Figure 5, such a cut places the emission from point sources at the same level as the Galactic foreground for angular scales ∼ 0^∘.5. At smaller angular scales, contamination from discrete sources becomes increasingly worse, requiring the removal of more sources.

3.2.3. Bremsstrahlung from Lyα Clouds

The thermal bremsstrahlung emission from Lyα clouds has been calculated in [41]. These clouds are most likely in photo-ionization equilibrium with the UV background, permitting an estimate of the bremsstrahlung signal if the UV background intensity is known. UV background intensity estimates based on the proximity effect [55] imply a bremsstrahlung signal [36]

J_ν = 10^{−22±1} erg s^{−1} cm^{−2} sr^{−1} Hz^{−1} , (19)

for ν ≪ 10^{14} Hz. This result neglects the contribution of optically thick clouds at high (z > 5) redshifts, and possible additional ionization fields, such that the actual bremsstrahlung flux may be somewhat higher than given above.

The amplitude of intensity fluctuations introduced by the finite number of H I clouds along any given line of sight has also been evaluated [41]. Assuming a random cloud distribution in redshift and in column density, recent UV background estimates imply RMS fluctuations [36]

ΔJ_ν = 10^{−23±1} erg s^{−1} cm^{−2} sr^{−1} Hz^{−1} , (20)

for ν ≪ 10^{14} Hz. Such fluctuations are expected on ∼ 7^{′′} scales (corresponding to l ≃ 10^5), although weaker fluctuations introduced by clouds associated with large-scale structure may appear even on ∼ 10^′ scales. This fluctuation level should be regarded as a lower limit, because in addition to the assumptions leading to equation (19), the non-randomness of the cloud distribution further enhances the fluctuation signal. Nevertheless, without a unique spectral or temporal signature, confusion with the other signals discussed in this section, in particular discrete sources, is likely to

Figure 5. Logarithmic contribution δI_l of various signals to the variance at multipole l = 400 (corresponding to θ ≃ 0^∘.5). The background from intergalactic shocks is shown according to the calibrated model of §2.2 and Table 2 (solid line), and scales roughly according to δI_l(l; ξ_e, ξ_B , f_{acc}, f_T , ~f_r) = ξ_eξ_B f_{acc}f^2_T ~f^{−3}_r δI_l( ~f_rl; 1, 1, 1, 1, 1). The signal according to a ΛCDM simulation (diamonds with statistical error bars for l = 400, 10^3 and 10^4, from bottom to top, accounting only for emission above the spectral break, see [37]) scales linearly with the combination ξ_e ξ_B . The high-latitude Galactic foreground (dash-dotted line) and the integrated emission from discrete radio sources (dotted line, assuming removal of sources above S_{cut} = 100 mJy at 1.4 GHz) are presented. Above ∼ 10 GHz, CMB fluctuations take over (dashed line extrapolated from WMAP measurements, error bars present detections by the Cosmic Anisotropy Telescope on 0^∘.2 − 0^∘.5 scales, and by the Owens Valley Radio Observatory on 0^∘.1 − 0^∘.6 scales; for references see [32,72]). Bremsstrahlung emission from Lyα clouds (low horizontal shaded region) and the maximal 21 cm tomography signal (dashed contour) are seen to be much weaker than the above competing signals. Continuum surface brightness sensitivities of the SKA (square) and the LOFAR (star), and the side-lobe confusion limit of the VLA (triangles, for 10 minutes in configuration D, see http://www.vla.nrao.edu/astro/guides/vlas) are shown (labels denote beam widths). Brightness temperature contours are shown as dotted lines (labelled on the top and the right axes). Emission from intergalactic shocks is seen to dominate the sky at this angular scale for frequencies ν ≲ 500 MHz, provided that ξ_e ξ_B ≳ 10^{−4}. According to the simulation, the emission dominates the sky at this frequency range for θ < 0^∘.5, even if ξ_e ξ_B = 5 × 10^{−5}.

preclude detection of the bremsstrahlung signal in the relevant frequency range.

3.2.4. IGM 21 cm Tomography

The 21 cm (1.4 GHz) spin flip transition of atomic hydrogen was proposed as a probe of the IGM at the epoch prior to reionization [44] (see also [67]) . Spatial inhomogeneities in the IGM may be observed today as redshifted emission or absorption fluctuations against the CMB, in situations where early sources of radiation decoupled the IGM spin temperature from the CMB temperature. In principle, the combined angular and spectral signal, stronger than the CMB fluctuations by two orders of magnitude, may be used to trace the ’cosmic-web’ structure of the early universe, in both space and cosmic time.

However, as pointed out by [18], at the relevant frequency range 50 − 200 MHz, contamination by radio point sources imposes a serious contamination even for the maximal signal amplitude ΔT ≃ 10 mK expected. A spectral ∼ 10 mK feature, caused by the fast rise of the Lyα background as the first UV sources reionized the IGM, could possibly be detected behind the spectrally continuous foreground [75,48,42,25, and references therein]. Emission from intergalactic shocks provides an additional important source of confusion for 21 cm tomography.

4. Discussion

We have calculated the imprint of intergalactic shocks on the low frequency radio sky, using a simple model, calibrated and tested with a ΛCDM simulation. Our main results are illustrated in Figures 4 and 5 (for the calibrated model parameters summarized in Table 2). Figure 4 shows the contribution of various signals to the low frequency radio sky, suggesting that emission from intergalactic shocks contributes up to a few tens of percent of the extragalactic radio background below 500 MHz. Figure 5 depicts the angular power spectrum of various signals on an angular scale of ∼ 0^∘.5, along with the sensitivity and the angular resolution of the SKA.

We conclude that the design of the SKA, as well as the design of next generation radio telescopes such as the LOw Frequency Array (LO- FAR^3) and the Astronomical Low Frequency Array (ALFA^4), are more than sufficient for detection of the angular fluctuations introduced by intergalactic shocks, as calculated in §2 (see also [36,37]). Identification of the signal is limited by confusion with Galactic foreground and with discrete radio sources. Foreground fluctuations in the synchrotron emission of our Galaxy constrain a clear detection of the signal to sub-degree scales and to high Galactic latitudes. Confusion with discrete radio sources requires that the brightest sources be modelled and removed. With a feasible point source cut (100 mJy at 1.4 GHz, or 3 Jy at 150 MHz), the signal dominates over the competing signals at angular scales 10^′ ≲ θ ≲ 1^∘ (in low frequencies, for ξ_e ξ_B ≳ 5 × 10^{−5}, see discussion below), whereas detection on arcminute scales will require a more ambitious point source removal. The spectrum of intergalactic shock emission indicates that the signal is most pronounced at frequencies around ∼ 100 MHz, planned to be covered by the SKA, the LOFAR and the ALFA.

The calculated signal is sensitive to uncertainties in the model parameter calibration. The logarithmic contribution to the variance (shown in Figure 5) scales roughly according to δI_l(l; ξ_e, ξ_B , f_{acc}, f_T , ~f_r) (21) = ξ_eξ_B f_{acc}f^2_T ~f 3_r δI_l( ~f_rl; 1, 1, 1, 1, 1) .

The radio signal calculated from the cosmological simulation [37], however, depends only on the energy fractions ξ_e and ξ_B , scaling linearly with the combination ξ_e ξ_B . Comparison between the predictions of the model and of the simulation (e.g. in Figures 1, 3 - 5) suggests that C_l was in fact underestimated by our parameter calibration scheme. This implies, for example, that intergalactic shocks introduce intensity fluctuations of magnitude δI_l ≳ 8 × 10^{−19}(ξ_e ξ_B /5 × 10^{−4})(ν/100 MHz)^{−1} erg s^{−1} cm^{−2} sr^{−1} Hz^{−1}on multipoles 400 ≲ l ≲ 2000, corresponding to temperature fluctuations δT_l ≳ 260(ξ_e ξ_B /5 ×

3see http://www.lofar.org 4see http://sgra.jpl.nasa.gov/html dj/ALFA.html

10^{−4})(ν/100 MHz)^{−3} K.

The fluctuations introduced by intergalactic shocks, as estimated above, dominate the sky at < 500 MHz frequencies if ξ_e ξ_B ≳ 10^{−4}, and are dominant even at frequencies as high as 10 GHz if ξ_e ξ_B ≳ 3 × 10^{−4}. The simulation suggests that the signal is stronger than predicted by the model, in particular on small angular scales. Therefore, according to the simulation, emission from intergalactic shocks will dominate the sky at < 0^∘.5 scales and < 500 MHz frequencies, even if ξ_e ξ_B ≃ 5 × 10^{−5}. We have used observations of SNR shocks and of magnetic fields in the halos of galaxy clusters, in order to show that for strong intergalactic shocks ξ_e ξ_B ≃ 5 × 10^{−4}, unlikely to be smaller than this value by more than a factor of ∼ 4 (see §2.3). Detection of the signal is not unrealistic even in case δI_l has been mildly overestimated. A signal lower than calculated in §2 by a factor of a few, may still be identified at ∼ 1^′ − 10^′ scales, if faint point sources are modelled and removed. If the signal was overestimated by ∼ 2 orders of magnitude, it may still be detectable by next generation radio telescopes such as the SKA, by means of cross-correlation with known tracers of large-scale structure, such as galaxy counts, and in the future, with γ-ray emission from intergalactic shocks.

Interestingly, detection of the intergalactic shock signal is just possible with present high resolution radio telescopes, such as the VLA (at the maximal sensitivity configuration, see Figure 5). The calculated signal should be detectable at high latitudes, ∼ 100 MHz frequencies and sub-degree scales. The signal may have already been detected by CMB anisotropy studies, at ∼ 10 GHz frequencies and θ < 1^∘ scales [70], and in quiet regions of ∼ GHz high resolution surveys at 1^′ −10^′ scales [36]. It will probably be easiest to identify the signal at arcminute scales, by modelling point sources and cross-correlating the maps with known tracers of large-scale structure.

Future detection of radio emission from intergalactic shocks will have important implications on our understanding of cosmology and astrophysics. Detection of the signal will provide the first identification of intergalactic shocks, revealing the underlying cosmological flows and providing a test for structure formation models. The signal, in particular when combined with γ-ray detection, will provide a measure of the unknown magnetic fields in the intergalactic medium. Although non-trivial for interpretation, such a measure of the magnetic field may provide insight into the unknown processes leading to IGM magnetization. The signal may confirm the existence of the undetected warm-hot intergalactic medium, and provide a tracer for its distribution.

Synchrotron emission from intergalactic shocks is correlated with the large-scale structure of the low-redshift (z < 1) universe, tracing young galaxy clusters and filaments. The signal could thus account for some observed features of the radio signature of galaxy clusters, namely radio halos and radio relics. Extended accretion shocks could contribute to radio halos (e.g. to the large radio halo of the Coma super-cluster, see [65, and the references therein]), whereas localized shocks (e.g. where galaxy filaments channel large amounts of gas into the cluster regions) may be responsible for some radio relics observed at the outskirts of clusters (such as the prototype relic found in the Coma super-cluster, 1253+275 [20]), and perhaps also for some of the anomalous features observed in radio halos (e.g. in the unrelaxed clusters described in [27]).

Radio emission from intergalactic shocks is an important source of contamination for other radio signals, such as the low frequency CMB, Galactic synchrotron fluctuations on sub-degree scales, and competing extragalactic radio signals such as bremsstrahlung from Lyα clouds, and 21 cm tomography. Emission from intergalactic shocks should be taken into account when evaluating the propagation of ultra-high energy photons with energies above 10^{19} eV, where the effect of the radio background on the transparency of the universe is stronger than the effect of the CMB.

REFERENCES

1. Baccigalupi, C., Burigana, C., Perrota, F., De Zotti, G., La Porta, L., Maino, D., Maris, M., & Paladini, R. 2001, A&A, 372, 8 2. Bagchi, J. 2002, astro-ph/0210553 3. Bagchi, J., Enßlin, T. A., Miniati, F., Stalin,

C. S., Singh, M., Raychaudhury, S., & Humeshkar, N. B. 2002, New Astronomy, 7, 249 4. Bagchi, M., Feretti, L., Giovannini, G., & Govoni, F. 2003, A&A, 400, 465 5. Bamba, A., Yamazaki, R., Ueno, M., & Koyama, K. 2003, ApJ, 589, 827 6. Banday, A. J. & Wolfendale, A. W. 1991, MN- RAS, 248, 705 7. Barkana, R., Haiman, Z., & Ostriker, J. P.

2001, ApJ, 558, 482 8. Berezhko, E. G. & Ellison, D. C. 1999, ApJ, 526, 385 9. Berezhko, E. G., Ksenofontov, L. T., & Völk, H. J. 2003, A&A, 412, L11 10. Blandford, R. & Eichler, D. 1987, Phys. Rep., 154, 1 11. Brouw, W. N. & Spoelstra, T. A. T. 1976, A&AS, 26, 129 12. Bruscoli, M., Tucci, M., Natale, V., Carretti, E., Fabbri, R., Sbarra, C., Cortiglioni, S. 2002, New Astronomy, 7, 171 13. Cane, H. V. 1979, MNRAS, 189, 465 14. Carilli, C. L. & Taylor, G. B. 2002, ARAA, 40, 319 15. Clark, T. A., Brown, L. W., & Alexander, J.

K. 1970, Nature, 228, 847 16. Clarke, T. E., Kronberg, P. P., & Böhringer 2001, ApJ, 547, L111 17. Davé, R., Cen, R., Ostriker, J.P., Bryan, G.L., Hernquist, L., Katz, N., Weinberg, D.H., Norman, M.L. & O’Shea, B. 2001, ApJ, 552, 473 18. Di Matteo, T., Perna, R., Abel, T., & Rees, M. J. 2002, ApJ, 564, 576 19. Drury, L. Oc. 1983, Rep. Prog. Phys. 46, 973 20. Enßlin, T. A., Biermann, P. L., Klein, U., & Kohle, S. 1998, ApJ, 332, 395 21. Feretti, L., Dallacasa, D., Giovannini, G., & Tagliani, A. 1995, A&A, 302, 680 22. Feretti, L. 2003, to appear in ASP Conf. Series, eds. S. Bowyer & C.Y. Hwang (astroph/0301576) 23. Giardino, G., Banday, A. J., Fosalba, P., Gorski, K. M., Jonas, J. L., O’Mullane, W., & Tauber, J. 2001, A&A, 371, 708 24. Giovannini, G, Tordi, M., & Feretti, L. 1999, New A., 4, 141

25. Gnedin, N. Y., & Shaver, P. 2003, ApJ, submitted (astro-ph/0312005) 26. Govoni, F., Feretti, L., Giovannini, G., Böhringer, H., Reiprich, T. H., & Murgia, M. 2001, A&A, 376, 803 27. Govoni, F., Markevitch, M., Vikhlinin, A, Van Speybroeck, L., Feretti, L., & Giovannini, G. 2004, ApJ, in press (astroph/0401421) 28. Haarsma, D. B. & Partridge, R. B. 1998, ApJ, 503, L5 29. Hales, S. E. G., Baldwin, J. E., & Warner, P.

J. 1988, MNRAS, 234, 919 30. Haslam, C. G. T, Salter, C. J., Stoffel, H., & Wilson, W. E. 1982, A&AS, 47, 1 31. Henriksen, M. 1998, PASJ, 50, 389 32. Hinshaw, G. et al. 2003, ApJ, 148,135 33. Jenkins, A., Frenk, C. S. White, S. D.

M., Colberg, J. M., Cole, S., Evrard, A. E., Couchman, H. M. P., & Yoshida, N. 2001, MNRAS, 321, 372 34. Jonas, J. L., Baart, E. E., & Nicolson, G. D.

1998, MNRAS, 297, 997 35. Keshet, U., Waxman, E., Loeb, A., Springel, V., & Hernquist, L. 2003, ApJ, 585, 128 36. Keshet, U., Waxman, E., & Loeb, A. 2004a, ApJ submitted (astro-ph//0402320) 37. Keshet, U., Waxman, E., Loeb, A., Springel, V., & Hernquist, L. 2004b, in preparation.

38. Kronberg, P. P. 1994, Rep. Prog. Phys., 57, 325 39. Lawson, K. D., Mayer, C. J., Osborne, J. L., & Parkinson, M. L. 1987, MNRAS, 225, 307 40. Liang, H., Hunstead, R. W., Birkinshaw, M., & Andreani, P. 2000, ApJ, 544, 686 41. Loeb, A. 1996, ApJ, 459, L5 42. Loeb, A., & Zaldarriaga, M. 2003, Phys. Rev.

Lett., submitted (astro-ph/0312134) 43. Loeb, A. & Waxman, E. 2000, Nature, 405, 156 44. Madau, P., Meiksin, A., & Rees, M. J. 1997, ApJ, 475, 429 45. Malkov, M. A. & Drury, L. O’C. 2001, Rep.

Prog. Phys., 64, 429 46. Miniati, F., Jones, T. W., Kang, H., & Ryu, D. 2001, ApJ, 562, 233 47. Miniati, F. 2002, MNRAS, 337, 199 48. Morales, M. F., & Hewitt, J. 2003, ApJ, submitted (astro-ph/0312437) 49. Press, W. H. & Schechter, P. 1974, ApJ, 187, 425 50. Protheroe, R. J. & Biermann, P. L. 1996, Astroparticle Physics, 6, 45 51. Reimer, O., Pohl, M., Sreekumar, P., & Mattox, J. R. 2003, ApJ, 588, 155 52. Rephaeli, Y., Gruber, D., & Blanco, P. 1999, ApJ, 511, L21 53. Ryle, M. 1968, ARA&A, 6, 249 54. Scharf, C. & Mukherjee, R. 2002, ApJ, 580, 154.

55. Scott, J., Bechtold, J., Morita, M., Dobrzycki, A., & Kulkarni, V. P. 2002, ApJ, 571, 665 56. Sheth, R. K., Mo, H. J., & Tormen, G. 2001, MNRAS, 323, 1 57. Simon, A. J. B. 1977, MNRAS, 180, 429 58. Springel, V., White, M., & Hernquist, L.

2001, ApJ, 549, 681 59. Spoelstra, T. A. T. 1984, A&A, 135, 238 60. Sreekumar, P. et al. 1996, ApJ, 464, 628 61. Sreekumar, P. et al. 1998, ApJ, 494, 523 62. Tanimori, T. et al. 1998, ApJ, 497, L25 63. Tegmark, M. & Efstathiou, G. 1996, MNRAS, 281, 1297 64. Tegmark, M., Eisenstein, D., Hu, W., & de Oliveira-Costa, A. 2000, ApJ, 503, 133 65. Thierbach, M., Klein, U., & Wielebinski, R.

2003, A&A, 397, 53 66. Totani, T. & Kitayama, T. 2000, ApJ, 545, 572 67. Tozzi, P., Madau, P, Meiksin, A., & Rees, M.

2000, ApJ, 528, 597 68. Tucci, M., Carretti, E., Cecchini, S., Nicastro, L. Fabbri, R., Gaensler, B. M., Dickey, J. M., & McClure-Griffiths, N. M. 2002, ApJ, 579, 607 69. Uyaniker, B., Fürst, E., Reich, W., Reich, P.,& Wielebinski, R. 1999, A&AS, 138, 31 70. Waxman, E. & Loeb, A. 2000, ApJ, 545, L11 71. White, R. L., Becker, R. H., Helfand, D. J., & Gregg, M. D. 1997, ApJ, 475, 479 72. White, M., Carlstrom, J. E., Dragovan, M., & Holzapel, W. L. 1999, ApJ, 514, 12 73. Willis, A. G., Oosterbaan, C. E., Le Poole, R.

S., de Ruiter, H. R., Strom, R. G., Valentijn, E. A., Kagert, P., & Katgert-Merkelijn, J. K. 1977, IAU Symp. No. 74, Radio Astronomy and Cosmology, p. 39, ed. Jauncey, D. L., D. Reidel, Dordrecht, Holland 74. Windhorst, R. A., Fomalont, E. B., Partridge, R. B., & Lowenthal, J. D. 1993, ApJ, 405, 498 75. Zaldarriaga, M., Furlanetto, S., & Hernquist, L. 2003, ApJ, submitted (astro-ph/0311514)