arXiv:1205.5755v3 [astro-ph.HE] 28 Aug 2012

Prepared for submission to JCAP

Gamma-ray and neutrino backgrounds as probes of the high-energy universe: hints of cascades, general constraints, and implications for TeV searches

Kohta Murase^{1,2}, John F. Beacom^{1,2,3}, and Hajime Takami^4

1CCAPP, OSU, 191 W. Woodruff Ave., Columbus, Ohio 43210, USA 2Department of Physics, OSU, 191 W. Woodruff Ave., Columbus, Ohio 43210, USA 3Department of Astronomy, OSU, 140 W. 18th Ave., Columbus, Ohio 43210, USA 4Theory Center, Institute of Particle and Nuclear Studies, KEK, 1-1, Oho, Tsukuba 305- 0801, Japan

E-mail: murase.2@osu.edu, beacom.7@osu.edu, takami@post.kek.jp

Abstract. Recent observations of isotropic diffuse backgrounds by Fermi and IceCube allow us to get more insight into distant very-high-energy (VHE) and ultra-high-energy (UHE) gamma-ray/neutrino emitters, including cosmic-ray accelerators/sources. First, we investigate the contribution of intergalactic cascades induced by gamma-rays and/or cosmic rays (CRs) to the diffuse gamma-ray background (DGB) in view of the latest Fermi data. We identify a possible “VHE Excess” from the fact that the Fermi data are well above expectations for an attenuated power law, and show that cascades induced by VHE gamma rays (above ∼ 10 TeV) and/or VHECRs (below ∼ 10^{19} eV) may significantly contribute to the DGB above ∼ 100 GeV. The relevance of the cascades is also motivated by the intergalactic cascade interpretations of extreme TeV blazars such as 1ES 0229+200, which suggest very hard intrinsic spectra. This strengthens the importance of future detailed VHE DGB measurements. Then, more conservatively, we derive general constraints on the cosmic energy budget of high-energy gamma rays and neutrinos based on recent Fermi and IceCube observations of extragalactic background radiation. We demonstrate that these multi-messenger constraints are useful and the neutrino limit is very powerful for VHE/UHE hadronic sources. Furthermore, we show the importance of constraints from individual source surveys by future imaging atmospheric Cherenkov telescopes such as Cherenkov Telescope Array, and demonstrate that the cascade hypothesis for the VHE DGB can be tested by searching for distant emitters of cascaded gamma rays.

Contents

1 Introduction 1

2 Cascade contributions to the diffuse gamma-ray background 3 2.1 Cascades induced by primary VHE/UHE gamma rays 7 2.2 Cascades induced by primary VHECRs 9

3 Constraints on energy budgets from extragalactic backgrounds 12 3.1 Analytic estimates 12 3.2 Results and implications 13

4 Constraints from TeV surveys of individual sources 18 4.1 Analytical estimates 18 4.2 Results and prospects 21 4.3 Detectability of individual sources with future TeV observations 22

5 Summary and discussion 26

1 Introduction

What does the universe look like at energies above 1 TeV per particle? This is largely unknown, though there are clear hints that this picture will be rich, profound, and may reveal new physics. The key to exploring and deciphering the high-energy universe will be a multi-wavelength and especially multi-messenger approach that synthesizes the information from cosmic rays (CRs), gamma rays, and neutrinos.

CRs are observed at energies up to ∼ 10^{20} eV, but the directions to their sources are scrambled by magnetic fields. Their flux and spectrum tell us that luminous, highenergy accelerators must exist, which implies the production of high-energy gamma rays and neutrinos. High-energy neutrinos from astrophysical sources can uniquely reveal their nature – for example, the observation of even a few neutrinos indicates that hadrons are being accelerated – but no high-energy neutrino sources have been detected yet.

On the other hand, luminous gamma-ray sources have been observed up to ∼ 100 TeV for Milky Way sources and ∼ 10 TeV for extragalactic sources, but it is not yet known if these are the cosmic-ray production sites. In the GeV range, the Large Area Telescope (LAT) onboard the Fermi satellite has detected extragalactic gamma rays from active galactic nuclei (AGN), star-burst galaxies, and gamma-ray bursts (GRBs) [e.g., 4, 6, 8, 33]. But only a small fraction of the sky has been covered at energies above the typical maximum energy of the Fermi gamma-ray telescope, ∼ 300 − 1000 GeV, because of the small fields of view of ground-based imaging atmospheric Cherenkov telescopes (IACTs).

It will be challenging to observe the most interesting extragalactic sources because very-high-energy (VHE; > 0.1 TeV) gamma rays from distant sources interact with the extragalactic background light (EBL) and the cosmic microwave background (CMB) via the electron-positron pair production process, so the original signals are depleted. However, electron-positron pairs generated by multi-TeV and higher-energy photons up-scatter CMB

– 1 – and EBL photons via the inverse-Compton (IC) scattering process to produce secondary, cascade gamma rays, which fall typically in the energy range of Fermi.

Such VHE gamma rays can be produced via both leptonic and hadronic mechanisms inside astrophysical sources. For example, some blazars, which are thought to be AGN seen by an on-axis observer, show ≳ TeV emissions that can be explained by either leptonic or hadronic mechanisms [e.g., 9]. If CR ions are accelerated to sufficiently high energies, VHE or even ultra-high-energy (UHE; > 10^{19} eV) gamma rays are emitted from the sources via photonuclear and/or hadronuclear reactions and subsequent cascades inside the sources. Sufficiently high-energy CRs also induce intergalactic cascades after they escape from the sources, as often discussed in the context of cosmogenic neutrinos [e.g., 26, 57, 88].

These intergalactic electromagnetic cascades are important for using gamma rays as a probe of the VHE/UHE universe. Together, high-energy gamma-ray and neutrino probes can reveal the existence and nature of high-energy sources, including astrophysical (e.g., CR accelerators) and exotic (e.g., dark matter annihilation or decay) sources.

The diffuse gamma-ray background (DGB) was measured by LAT above 200 MeV [5], and it turned out that its flux at ∼ 1 − 10 GeV is much lower than that obtained by EGRET [84, 86]. The origin of the DGB is still under debate, and many theoretical attempts have been made in order to explain it (see [33] and references therein). However, none are universally accepted although guaranteed contributors such as undetected AGN and starburst galaxy populations are widely accepted. All can be argued to be only a subdominant component of the observed background, and it may be that even their sum is insufficient to explain the measurements.

This presents a special opportunity to explore the contribution from higher energies, cascaded down into the Fermi range. Generally speaking, intergalactic cascade contributions can be crucial for injections at sufficiently high energies [28, 31, 90]. This is even the case when secondary pair production is more effective due to cascades induced by UHE gamma rays or VHECRs/UHECRs. In preliminary Fermi data at energies above ∼ 100 GeV, as we show, there may be hints of such a cascade contribution.

In any case, we can develop strong limits on such high-energy contributions by requiring that the calculated spectra do not exceed the Fermi data at lower energies around 100 GeV, where the cascade contribution would peak. It is difficult for IACTs to measure the VHE DGB. However, thanks to their good sensitivities, individual gamma-ray sources can be seen via coordinated observations or systematic surveys with better photon statistics. This enables us to connect the origin of VHE DGB to TeV observations.

On the neutrino side, there is good evidence from the CR and gamma-ray data that present neutrino detectors are nearly at the required sensitivity for first detections. Interestingly, for certain hadronic models, the neutrino limits on high-energy injections are considerably stronger than the associated gamma-ray limits. At energies in the GeV-TeV range, detectors like IceCube are limited in the sensitivity because of the atmospheric neutrino background; this means that the flux limits improve slowly with increased exposure. In contrast, in the ≳ PeV range, IceCube has so far not detected limiting backgrounds, so that the flux limits are already strong and should improve linearly with time. This gives another special opportunity.

In this work, we study the contribution of electromagnetic cascades induced by VHE/UHE gamma rays and VHECRs, with detailed numerical calculations performed in [73]. We show that a component with cascades may start to dominate over the usual attenuated gammaray component above ∼ 100 GeV, and this may be compatible with preliminary Fermi data

– 2 –

(Section 2). Then, in Section 3, we use the DGB to place constraints on the energy budget of gamma rays, and the results are compared to IceCube constraints on the neutrino energy budget (Section 3). Our limits are very general, and they complement specific limits for VHECR/UHECR sources. In Section 4, we discuss implications for future surveys by next-generation IACTs [45] such as the Cherenkov Telescope Array (CTA) [13], and estimate expected constraints on populations of VHE/UHE gamma-ray and VHECR sources. Finally, based on the results obtained in Sections 3 and 4, we demonstrate that future searches for individual distant sources provide an important diagnostic to test the cascade hypothesis for the VHE DGB. In this paper, we adopt the ΛCDM model with H_0 ≡ 100h = 71 km s^{−1} Mpc^{−1}, Ω_m = 0.3 and Ω_Λ = 0.7.

2 Cascade contributions to the diffuse gamma-ray background

LAT extracts the DGB up to ∼ 100 GeV by subtracting contributions of resolved individual sources (mainly AGN for extragalactic sources) and Galactic components seen at high latitudes [5]. The DGB observed by LAT is significantly lower than that obtained by EGRET above the GeV range [84, 86]. Its spectrum can be fitted by a power law with a differential spectral index α = 2.41 ± 0.05 and intensity integrated over energies above 100 MeV, I_γ (> 100 MeV) = (1.03 ± 0.17) × 10^{−5} cm^{−2} s^{−1} sr^{−1}, where the error is systematicsdominated [5]. Throughout the paper, we use

E^2_γ Φ_γ = 8.55 × 10^{−8} GeV cm^{−2} s^{−1} sr^{−1} (E_γ /100 GeV)^{−0.41}, (2.1)

for the measured differential background intensity (in the unit of particles per energy, area, time and solid angle) Φ_γ , where the normalization is given by I_γ = ∫ dE_γ Φ_γ . Recently, the DGB up to ∼ 600 GeV has also been shown as a preliminary result^1, and its spectrum looks basically consistent with the Eq. (2.1).

Figures 1 and 2 show the Fermi data, which agree well with the power-law spectrum expressed by Eq. (2.1). However, if the sources are extragalactic, then EBL attenuation is inevitable. The simple power-law spectrum of primary gamma rays emitted from the sources, with α = 2.41, provides a quite reasonable fit at low energies, but falls well below the data above ∼ 100 GeV in both the figures after the EBL attenuation is taken into account. This means that it is crucially important to settle Fermi data analyses of the VHE DGB and extend VHE DGB measurements to further higher energies. In showing an example of the EBL-attenuated power-law spectrum, the low-IR model of Ref. [55] is adopted, which is one of the conservative models. The attenuation is more severe for many other models, e.g., the best-fit model (as demonstrated in Figures 1 and 2) and/or stellar-UV model in the same reference; see Ref. [42] and references therein for other models. This conclusion would not change by due to uncertainties on the EBL when most of the gamma rays are injected at z ∼ 1 − 2, as expected for evolution of the gamma-ray emissivity of many astrophysical objects including blazars [e.g., 35, 49] and star-burst/star-forming galaxies [e.g., 41, 63]. The quantitative results also depend redshift evolution models; the excess can be weaker for no or negative redshift evolution models with lower EBL models, though it is still identified for the EBL models used here, as shown in Figure 2. Note that the redshift evolution model by Ref. [46] for star formation evolution is adopted throughout the paper. Thus, one may think that the “VHE Excess” is an interesting issue for the extragalactic origin of the DGB.

1See the presentation by M. Ackermann on behalf of the Fermi collaboration: http://agenda.albanova.se/conferenceDisplay.py?confId=2600.

– 3 –

Figure 1. Published DGB data [5] and preliminary DGB data. Examples of DGBs fitted by power laws without (thin curve) [5] or with (thick curves) EBL attenuation are also shown, where we use a = 1 and α = 2.41 defined in Eq. (2.7). We identify the “VHE Excess” relative to the EBLattenuated simple power law. Star formation evolution [46] is assumed. The solid and the dotdashed curves are for the low-IR model and the best-fit model of Ref. [55], respectively.

Figure 2. The same as Figure 1, but no redshift evolution is assumed.

In this work, we assume that sources responsible for the DGB are cosmic. In deriving the DGB, the Galactic contribution is removed based on an emission model as well as the emission from the Sun and the CR residual background. Hence, unaccounted-for Galactic components (e.g., millisecond pulsars [40, 81], dark matter [72], debris at the outer frontier of the solar system [66], IC scattering of solar photons with local CRs [67]) and/or unaccounted-for CR-induced detector backgrounds could potentially contribute. In particular, an unresolved population of millisecond pulsars is difficult to explain the VHE DGB since its typical spectrum shows a cutoff around a few × GeV [33].

Because the EBL attenuation becomes relevant in the energy range of the preliminary data, the simplest power-law extension of gamma-ray emission spectra from low energies may start to fail above ∼ 100 GeV [c.f. 48]. If this excess is correct, though future careful investigations are necessary, the VHE DGB requires introducing an additional hard component. Then, one of the natural questions is how hard this additional component is. If the spectral indices are steep enough, cascades would not play an important role. Note that this hard component itself does not explain the DGB at ∼ 1 GeV. Figure 3 suggests that, when we consider only EBL attenuation, very hard effective photon indices of the primary gamma-ray spectrum (α ≲ 2) are required to fit the preliminary Fermi data. Although the “VHE Excess” seems explained at first glance, neglecting cascades is physically incorrect for such hard spectra. As we show below, for adequately luminous and sufficiently hard primary spectra of extragalactic gamma rays, one must take into account intergalactic cascade contributions in the relevant range when the primary gamma-ray spectrum extends to ≳ 10 TeV. Hereafter, we consider potential roles and impacts of cascades in detail.

VHE gamma rays are produced in sources via leptonic processes (e.g., synchrotron self- Compton and external IC processes) and/or hadronic processes (e.g., pγ processes). UHE gamma rays can be generated only via hadronic processes. In addition, they can be produced

– 4 – by sufficiently high-energy CRs escaping from the source, through hadronuclear (e.g., pp) and photonuclear (e.g., pγ) collisions. VHE/UHE gamma rays from distant sources cannot avoid pair creation with the EBL and CMB, depending on their energies, and will be cascaded down to GeV-TeV energies. Whatever the origin of the DGB is, if the cascade is sufficiently developed, it has a near-universal form [e.g., 25, 31] as G_{Eγ} ∝ { (E_γ /E^{br}_γ )^{−1/2} (E_γ ≤ E^{br}_γ ) (E_γ /E^{br}_γ )^{1−β} (E^{br}_γ < E_γ ≤ E^{cut}_γ ),

(2.2)

where E_γ G_{Eγ} represents the shape of the energy spectrum of cascaded gamma rays and its normalization is determined by ∫ dE_γ G_{Eγ} = 1. Here, E^{cut}_γ is the energy where the suppression due to pair creation occurs, β is typically ∼ 2, and E^{br}_γ ≈ (4/3)(E^{′cut}_γ /2m_ec^2)^2ε_{CMB} ≃ 0.034 GeV (E^{cut}_γ /0.1 TeV)^2((1 + z)/2)^2 is the break energy corresponding to E^{cut}_γ , where ε_{CMB} is the typical CMB energy. We are interested in cases of E^{max}_γ > E^{cut}_γ . Then, the spectral shape above ∼ E^{cut}_γ and below ∼ min[E^{max}_γ /2, (4/3)(E^{′ max}_γ /2m_ec^2)^2ε_{CMB}] depends on intergalactic gamma-ray injection processes^2. For the gamma-ray-induced cascade, when the cascade mainly occurs in the Thomson regime, we may roughly expect e^{−τγγ} for distant sources with d > λ_{γγ} , where τ_{γγ} (E_γ , z) ∼ d(z)/λ_{γγ} (E_γ ) is the optical depth for the pair creation. On the other hand, for the gamma-ray-induced cascade in the Klein-Nishina regime and VHECR-induced cascade, pairs are more continuously supplied so that the high-energy spectral shape is more like (1−e^{−τγγ} )/τ_{γγ} as long as the gamma-ray and pair injection length (e.g., the Bether-Heitler energy loss length λ_{BH} for the CR-induced cascade) is longer than d [e.g., 38]. The latter is analogous to the solution of the radiative transfer equation for the uniform slab model, where the absorbing and emitting regions are co-spatial.

In order to obtain detailed spectra of cascaded gamma rays, for this work, we perform numerical calculations of the gamma-ray cascade by solving Boltzmann equations taking into account pair creation, IC emission, synchrotron emission, and adiabatic loss [for details, see 69, 72, 73]. The background flux can be evaluated from the following formula [e.g., 70, 85],

E^2Φ = c 4π ∫ dz | | | dt dz | | | E^2 dṅ dE (z), (2.3)

where E^2(dṅ/dE) is the observed energy spectrum of the energy output rate resulting from injections at z (in unit of energy per time per comoving volume) and dt/dz is given by | | | dt dz | | | = 1 H_0(1 + z) √ (1 + z)^3Ω_m + Ω_Λ

(2.4)

in the flat ΛCDM universe. It is convenient to introduce the energy budget Q(z). In the case of primary gamma-ray injections, the total gamma-ray energy budget at z is

Q_γ (z) = ∫ dE^′_γ E^′_γ dṅ^′_γ dE^′_γ ≡ ∫ dE^′_γ Q_E′_γ (2.5)

and the local energy budget is defined as Q_γ ≡ Q_γ (z = 0).

Examples of resulting spectra of cascaded gamma rays for the DGB are shown in Figure 4. As expected in Eq. (2.2), their detailed shape is not sensitive to the injection spectrum

2For examples of the cascade DGB spectrum for E^{′max}_γ ∼ 1 − 10 TeV, see Murase et al. [70].

– 5 –

Figure 3. Examples of VHE DGBs fitted by EBL-attenuated power laws. We use a = 0.065 and α = 1.5 for star formation evolution (dashed curve) or a = 0.30 and α = 2.0 for no redshift evolution (dotted curve), with the low-IR model of Ref. [55]. These cases are unrealistic unless E^{′max}_γ is low enough, because cascades are neglected (c.f. Figures 5-7).

Figure 4. Examples of DGBs from cascaded gamma rays for a near-mono-energetic gammaray spectrum injected over a half decade in logarithmic energy (with a central value, E^′_i). We use Q_γ = 10^{45} erg Mpc^{−3} yr^{−1}. The thick and thin curves are for star formation evolution and no redshift evolution, respectively.

as long as the gamma-ray injection energy is high enough. In the case of star formation evolution, the GeV gamma-ray emission mainly comes from sources around z ∼ 1−2, so the flux is larger by a factor of ∼ 5. The enhancement is even more significant if redshift evolution is much faster [e.g., 43, 96]. On the other hand, the TeV emission mainly comes from nearby sources due to EBL absorption, so it does not have a strong dependence on redshift evolution models for the same gamma-ray energy budget.

The origin of the DGB has been a mystery. Radio-loud AGN including blazars are the most popular sources [e.g., 1, 2, 49, 85, 95], whereas star-forming and star-burst galaxies may also give a significant contribution to the DGB [41, 62, 63, 78, 89]. Many models predict that the typical photon index of the DGB is α > 2 [1, 49, 63, 89, 95]. Although the EBL model has some uncertainties [see 42, and references therein], including attenuation due to the EBL should lead to suppression above ∼ 100 GeV (Figures 1 and 2). Obviously, it is crucial whether the measured VHE DGB is consistent with a simple extrapolation of the DGB from the GeV range or not. If the “VHE Excess” is confirmed, however, it may suggest the existence of a distinct component above ∼ 100 GeV. Sources responsible for this component can be different from sources contributing the ∼ 1 GeV background (e.g., BL Lac objects for the VHE DGB and some combination of other sources for ∼ 1 GeV). Or, the effective primary gamma-ray spectrum of dominant sources (e.g., blazars) may be concave if there are many very hard TeV sources that cannot be seen by Fermi. In any case, it will increase the importance of the cascade contributions.

In this paper, though it is also possible to invoke the dark matter origin [72], we consider astrophysical interpretations of the VHE DGB. Generally speaking, the origin of primary VHE/UHE gamma rays can be either leptonic or hadronic, or injections occur during propagation of VHECRs. In extragalactic scenarios, one straightforward way to compensate for the severe EBL attenuation is to think that the primary gamma-ray spectrum hardens in the TeV range. For example, the effective spectrum of primary gamma rays escaping from VHE

– 6 – sources may be concave, and we here point out that the VHE DGB could be reconciled if the primary gamma-ray spectrum is not a simple power law but has an appropriate bump in the ∼ 0.1 − 1 TeV range. Or, we can exploit the EBL-attenuated power-law spectrum for primary gamma-ray injections with E^{′max}_γ ≲ 10 TeV. However, when the primary spectrum extends to higher energies with an effective photon index comparable to or harder than 2 (as expressed by the dashed and dotted curves in Figure 3), one cannot neglect the cascade contribution. In this case, cascades also give us a reasonable upper limit on the VHE DGB for some kinds of primary gamma-ray spectra. Hereafter, we focus on the latter case where the intergalactic cascade is important.

2.1 Cascades induced by primary VHE/UHE gamma rays

Cascade signatures might indeed exist in VHE spectra of observed individual sources. For example, it seems that a fraction of blazars indeed have a very hard spectrum, as observed for 1ES 0229+200 [16] and 1ES 1101-232 [15], and it might be the case especially at low luminosities. Interestingly, such a class of extreme blazars can be explained by the intergalactic cascade emissions [see, e.g., 38, 39, 73, 79, and references therein]. Motivated by these recent studies, we consider a hard primary gamma-ray spectrum with a power-law form as

E^′_γ Q_E′_γ ∝ (E^′_γ )^{2−s} (E^′_γ ≤ E^{′max}_γ ), (2.6)

where the normalization is determined by Eq. (2.5). One sees that basic features of the intergalactic cascade spectrum are the same as those shown in Figure 4, and results of the spectra of cascaded gamma rays for s = 1.5 and s = 2 are shown in Figures 5, 6 and 7. As indicated from Figure 4, the spectrum of cascaded gamma rays becomes almost universal for sufficiently high-energy gamma-ray injections. Note that, for the near-mono-energetic injection in the ∼ 0.1 − 10 TeV range, given that its cascade component does not exceed the published Fermi data, its attenuated component can be higher than the near-universal cascade spectrum that is seen for E^{′i}_γ = 100 TeV and E^{′i}_γ = 1000 TeV.

In order to model the EBL-attenuated power-law component, we adopt the following parameterization,

E^2_γ Φ_γ = 8.55a × 10^{−8} GeV cm^{−2} s^{−1} sr^{−1} (E_γ /100 GeV)^{2−α}e^{−τ effγγ (Eγ ,α)}, (2.7)

where τ^{eff}_γ (E_γ , α) is the effective intergalactic optical depth that is easily calculated by Eq. (2.3), using τ_{γγ} (E_γ , z), as e^{−τ effγγ (Eγ ,α)} ∝ ∫ dz | | dt dz | | Q^γ (z) (1 + z)^{α−1} e^{−τγγ (Eγ ,z)}. (2.8) Here the normalization is set by requiring that Eq. (2.7) corresponds to Eq. (2.1) in the transparent limit. Note that cascade contributions from this power-law component are insignificant when α is sufficiently larger than 2 [e.g., 48, 49]. One should keep in mind that the real situation can be complicated by various astrophysical contributions especially from blazars and star-forming/star-burst galaxies [see a review 33, and references therein]. But taking them into account depends on many source-dependent details including the luminosity function, spectral energy distribution, redshift evolution and so on. To avoid such complexities and uncertainties, we focus on this simple case. Although such detailed modeling, including fitting procedures, should be done when the VHE DGB is precisely measured,

– 7 –

Figure 5. An example of how a cascade component could help explain the measured VHE DGB. A low-energy component, with EBL attenuation, is shown by the dotted curve, where a = 0.9 and α = 2.54 are assumed. A primary gamma-ray component is shown by the thin dashed curve, where the effective photon index is set to s = 1.5 with E^′_{max} = 10^{2.25} TeV and Q_γ = 2 × 10^{45} erg Mpc^{−3} yr^{−1}, and no redshift evolution are assumed. The resulting component with cascades is shown by the thick dashed curve, and the solid curve is the sum of the two components. The low-IR model of Ref. [55] is used, but the cascaded gamma-ray spectrum for their best-fit model (dot-dashed curve) is also shown.

Figure 6. The same as Figure 5, but Q_γ = 6 × 10^{44} erg Mpc^{−3} yr^{−1} with star formation evolution [46]. For the EBL-attenuated power-law component, a = 0.7 and α = 2.58 are assumed.

our approach here is enough for the current purpose, which is to show the likely importance of intergalactic cascade contributions and to demonstrate the potential impacts of measuring the VHE DGB.

In Figure 5, it is demonstrated that the contribution with cascades could indeed explain the VHE DGB and that the component with cascades can dominate over the EBL-attenuated power-law component. The spectrum of secondary gamma rays typically leads to a bump feature around 100 GeV, which looks consistent with an apparent tendency of the DGB. Also, this suggests that the published data below 100 GeV correspond to the most important energies for setting general cascade bounds that are discussed in Section 3. At higher energies, the cascade spectrum for hard photon indices also gives us a conservative maximum contribution to the VHE DGB for power-law injections of primary gamma rays with E^{′max}_γ ≳ 10 TeV or s > 2, although this does not generally hold for, e.g., a spiky primary spectrum in the ∼ 0.1 − 10 TeV range (cf. Figure 4), which can be expected in the very heavy dark matter scenario [72]. One also sees that the slope above ∼ 100 GeV is steeper for faster redshift evolution models (Figure 6). Hence, if the preliminary data points are indeed correct, the fit with cascades would be better in the no redshift evolution case. In other words, the cascade spectrum in the no redshift evolution case gives a reasonable upper limit on the DGB above ∼ 100 GeV. The tell-tale shape of the VHE DGB is best revealed in the range of the preliminary data above ∼ 100 GeV, so precise measurements of the VHE DGB can exclude sufficiently fast redshift evolution models given that the EBL is well determined.

– 8 –

Also, if the finalized VHE DGB data are higher than the theoretical predictions, Galactic contributions may be relevant [72]. For comparison, we also show an example of higher EBL models, using the best-fit model of Ref. [55]. Choosing different EBL models affects the quantitative results, but one sees that basic results are not changed in this case. Throughout this paper, we use the low-IR model of Ref. [55], which is one of the conservative EBL models. In principle, Figures 5 and 6 suggest that measuring the VHE DGB (at ≳ 0.5 TeV) allows us to test the cascade hypothesis and other extragalactic scenarios if the EBL is determined. Or, given the cascade hypothesis, the EBL can be constrained.

The spectral index of s = 1.5 may be extreme, and sources with such very hard spectra may be rather rare. More conservatively, in Figure 7, we consider the case of s = 2.0, where s should be regarded as an effective photon index, i.e., the index averaged over sources with various photon indices. For example, some combination of several sources such as radio galaxies and star-forming/star-burst galaxies could be responsible for the DGB at ∼ 1 GeV, whereas unresolved BL Lac objects (including ones with very hard primary spectra) might give a dominant contribution to the VHE DGB. Figure 7 suggests that the contribution with cascades is not negligible for hard spectral indices used in Figure 3. Taking only the attenuation into account is not physically valid unless the maximum energy is low enough.

In Figure 8, we show the results for the UHE gamma-ray injection. Such UHE gamma rays should have a hadronic origin and can be produced via photomeson production inside the source [e.g., 21, 34, 68]. For example, in jets of GRBs and AGN, high-energy protons and neutrons interact with target photons, leading to UHE neutrinos and gamma rays. If the synchrotron self-absorption or Rayleigh-Jeans portion of the black-body spectrum is relevant, UHE gamma rays that mainly come from neutral pion decay may escape into intergalactic space^3. In Figure 8, we consider a near-mono-energetic UHE gamma-ray injection around E^{′max}_γ = 10 EeV, and the height of the energy flux of primary gamma rays is comparable to that of cascaded gamma rays (because the total electromagnetic energy amount should be conserved before and after cascades). As expected, the cascade spectrum is not sensitive to primary spectra of UHE gamma rays, so the results in the GeV-TeV range are similar to Figures 5 and 7. However, the effective energy loss length of UHE gamma rays is ∼ 10−100 Mpc because of the leading-particle effect [68, 69], so the cascade spectrum shown in Figure 8 is slightly harder due to longer-lasting injections during the Klein-Nishina cascade. Note that these cases are shown to demonstrate the near-universality of the cascade spectrum. UHE gamma-ray sources accompanying VHE/UHE neutrinos are not expected to contribute to the DGB though individual sources can be seen (see next sections).

2.2 Cascades induced by primary VHECRs

Not only VHE/UHE gamma rays but also VHECRs/UHECRs can induce intergalactic cascades. Sufficiently high-energy CRs interact with CMB and EBL photons via the photomeson and Bethe-Heitler production processes, and injected VHE/UHE gamma rays and pairs play an important role in the resulting cascade. The processes have been discussed in the literature of UHECRs whose energies reach ∼ 10^{20} eV [e.g., 24, 36, 43]. In this work, we rather focus on VHECR accelerators, where protons can be accelerated only up to ∼ 10^{19} eV. Various sources can be accelerators of VHECRs in this energy range. For example, in the

3Magnetized environments including structured regions (galaxy clusters and filaments) and the immediate environment (e.g., galaxies and dust tori) also lead to synchrotron pair halo/echo emissions, as suggested by Murase [69].

– 9 –

Figure 7. The same as Figure 5, but s = 2 is used. For the EBL-attenuated power-law component, a = 0.8 and α = 2.56 are assumed.

Figure 8. The same as Figure 5, but the nearmono-energetic UHE gamma-ray injection over a half decade in logarithmic energy (with the central value of E^′_{max} = 10 EeV) is assumed.

standard blazar model, BL Lac objects and Fanaroff-Riley (FR) I galaxies can typically accelerate protons up to ∼ 10^{19} eV [73]. Hypernovae are also potential VHECR accelerators, and low-luminosity GRBs accompanying relativistic ejecta may even produce UHECRs [75]. Accretion and merger shocks in clusters of galaxies have also been suggested as the origin of CRs below the ankle [74].

In the energy range below the ankle, the allowed CR energy budget is larger than the UHECR energy budget [e.g., 23, 36, 74]. Also, importantly, the Bethe-Heitler process is more relevant than photomeson production. Since this process itself does not include neutrino production, neutrino constraints, which are discussed in the next section, can also be avoided. We consider the following proton spectrum,

E^′_pQ_E′_p ∝ (E^′_p)^{2−q} (E^′_p ≤ E^{′max}_p ), (2.9)

where the proton normalization is set by Q_{vhecr} =

∫_E′^{max}_p

10^{18} eV dE

′ Q_E′ , where the proton maximum energy is set to E^{′max}_p = 10^{19} eV throughout this paper. Note that the total CR energy budget Q_{cr} is larger than the VHECR energy budget Q_{vhecr}. We use Q_{vhecr} that is more directly related to CR observations. Low-energy CRs do not interact with photons either by the photomeson production or the Bethe-Heitler process, and Q_{cr}/Q_{vhecr} depends on the extrapolation to lower energies. For demonstration, we adopt q = 2.6, motivated by extragalactic scenarios explaining the observed VHECRs below the ankle [e.g., 23, 74]. Unless one considers redshift evolution models faster than star formation evolution, such steep indices are required for the VHECR-induced cascade component to contribute to the DGB [e.g., 36, 43], where the main process should be the Bethe-Heitler process rather than the photomeson production. In other words, as seen later, the UHECR energy budget is typically smaller than the required gamma-ray energy budget.

Our results are shown in Figures 9 and 10, where it is shown that the VHECR-induced cascade contribution could marginally explain the VHE DGB and the cascade component can dominate over the EBL-attenuated power-law component. Because the Bethe-Heitler process can inject pairs over λ_{BH} ≫ λ_{γγ} , the VHECR-induced cascade spectrum is slightly harder than the gamma-ray-induced cascade spectrum at ≳ 30 TeV energies, which is difficult to observe. On the other hand, since protons from more distant sources are more

– 10 –

Figure 9. The DGBs from cascades induced by primary VHECRs. The proton index is set to q = 2.6 with Q_{vhecr} = 5.0 × 10^{45} erg Mpc^{−3} yr^{−1}, and no redshift evolution is assumed. For the power-law component, a = 0.8 and α = 2.6 are assumed. Note that this case is forbidden by CR observations (see the text).

Figure 10. The same as Figure 9, but Q_{vhecr} = 7.5 × 10^{44} erg Mpc^{−3} yr^{−1} with star formation evolution [46]. For the power-law component, a = 0.8 and α = 2.6 are assumed.

depleted, redshift evolution is effectively faster. Hence, compared to the case of primary gamma rays, contributions from distant sources are more important, and the spectrum is steeper at ≲ TeV energies for given EBL and redshift evolution models. The fit also looks better in slower redshift evolution models, especially in negative redshift evolution models that can be expected for, e.g., BL Lac objects in a scenario where Flat Spectrum Radio Quasars (FSRQs) evolve into BL Lac objects at moderate redshifts [27]. But the required energy budget in no or negative redshift evolution models is found to be inconsistent with the observed CR flux, so we need sufficiently fast evolution models to avoid the overshooting problem [cf. 36]. Contrary to the primary gamma-ray injection where the attenuation can be relevant, cascades are essential in the case of the primary CR injection. The spectral shape is not sensitive to q due to its near-universality, so precise measurements of the VHE DGB can test the VHECR-induced cascade scenario for the VHE DGB.

The fit with star formation evolution looks to fall below the preliminary Fermi data, so the allowed cascade contribution is less than that of the gamma-ray-induced cascade. Nevertheless, this VHECR-induced intergalactic scenario seems interesting since it can explain the individual spectra of extreme TeV blazars [38, 39, 73], and the cascade hypothesis for the VHE DGB could possibly be consistent with this picture. Generally speaking, in order to distinguish between the two possibilities for primary particle injections, it should be relevant to measure the spectrum in the ∼ 0.1 − 1 TeV range and at ≳ 30 TeV energies (cf. Murase et al. 2012 [73]) although it is challenging for current experiments.

How can we test the cascade hypothesis for the origin of the VHE DGB? The anisotropy search would be one of the important probes [cf. 12, 20]. There may be different components from different populations, but even the single population can differently contribute to the DGB because of cascades. Assuming that the VHE DGB comes from cascades, we may divide the DGB into the secondary component and the primary component. Then, though the latter may consist of several populations, one typically expects anisotropy change around the transition energy at which cascades become dominant. The component with cascades

– 11 – is distinguishable from the attenuated primary component only when the void IGMF is not so weak, where resolving more point sources (consisting of primary gamma rays) would in principle lead to a harder DGB around ∼ 100 GeV. Such study is left as future work, and we consider a different diagnostic in this work, i.e., implications of TeV surveys with future IACTs such as CTA.

3 Constraints on energy budgets from extragalactic backgrounds

In the previous section, we discussed the physics of VHE/UHE gamma rays and showed the potential importance of the cascade components in the VHE DGB, i.e., the DGB at ≳ 100 GeV, although they can be subdominant as well as other potential contributers. In this section, more conservatively, we use the observed DGB flux to constrain the energy budget of gamma rays. As seen in the previous section, the spectral shape of cascades is almost universal for VHE/UHE primary particles. Thus, the DGB flux allows us to access the energy budget of electromagnetic particles with energies higher than ∼ 100 GeV. As indicated from Figure 4, the most important energies for setting general cascade bounds correspond to the published data below 100 GeV, so our resulting constraints do not depend on the preliminary Fermi data. Independently, we also restrict the energy budget of highenergy neutrinos from the current background flux upper limit by IceCube and the expected sensitivity of the full IceCube. In the case where primary gamma rays are produced through photomeson production, the observed DGB flux can also be useful to constrain the nature of CR sources. Analytical estimation of the energy budget of gamma rays and neutrinos is presented in Section 3.1. In Section 3.2, we numerically obtain constraints on these energy budgets and discuss their implications with particular emphasis on hadronic origin of gamma rays.

3.1 Analytic estimates

When one considers the cosmic background flux originating from astrophysical sources, important contribution often comes from sources at z ∼ 1−2, though details depend on redshift evolution. If we take the typical redshift z̄ ∼ 1 to estimate the background flux, because of E^{cut}_γ |_{z̄∼1} ∼ 0.1 TeV for cascaded gamma rays, the background gamma-ray flux is crudely written as

E^2_γ Φ_γ ≈ ct_H 4π (E_γḠ_{Eγ} Q_γ )ξ_z ≃ 1.3 × 10^{−7} GeV cm^{−2} s^{−1} sr^{−1} × ( Q_γ 6 × 10^{44} erg Mpc^{−3} yr^{−1} ) ( E_γḠ_{Eγ} 0.1 ) ( ξ_z 3 ) , (3.1)

where Ḡ_{Eγ} is G_{Eγ} defined in Eq. (2.2) at z̄ = 1, Q_γ is the local bolometric gamma-ray energy budget, and ξ_z is the pre-factor coming from its evolution that is defined as [94] ξ_z ≡ ∫_{dz} 1+z |_{dt} dz | Q_γ (z) Q_γ t_H , (3.2)

where t_H ≡ ∫ dz |_{dt} dz | . As discussed in the previous section, since cascade gamma rays have a characteristic spectrum, details of the injected gamma-ray spectra do not affect the results much. In other words, it is not easy to know the intrinsic gamma-ray spectra, and the DGB probes the bolometric gamma-ray energy input in the VHE/UHE range.

– 12 –

Contrary to gamma rays, neutrinos can reach the Earth without attenuation in intergalactic space. In this sense, in principle, neutrino detectors can see the differential energy flux if the number of detected events is enough. The cumulative neutrino background flux is related to the neutrino energy budget as [71, 94]

E^2_ν Φ_ν ≈ ct_H 4π (E_ν Q_{Eν} )ξ_z ≃ 3 × 10^{−8} GeV cm^{−2} s^{−1} sr^{−1} ( E_ν Q_{Eν} 1.4 × 10^{43} erg Mpc^{−3} yr^{−1} ) ( ξ_z 3 ) , (3.3)

where E_ν Q_{Eν} is the local differential energy input of neutrinos. Although the cumulative neutrino background has not been detected yet, the IceCube-40 integrated limit has now reached E^2_ν Φ^{lim}_ν ∼ a few × 10^{−8} GeV cm^{−2} s^{−1} [3], which gives important constraints on the high-energy budget in neutrinos.

3.2 Results and implications

Gamma-ray bounds are obtained by requiring that the resulting spectrum of cascaded gamma rays does not overshoot the total DGB spectrum fitted by Eq. (2.1) without EBL attenuation. Here, we calculate the background flux of cascaded gamma rays by using our numerical calculations. We show the results in Figure 11. In order to get conservative bounds, we show differential limits assuming the near-mono-energetic injection spectrum for all sources. They are almost energy-indepedent above ∼ 10 TeV. This is because the cascade spectrum is almost universal as expected from Eq. (2.2), and the electromagnetic energy is essentially conserved between injected gamma rays and reprocessed gamma rays. Most of astrophysical sources are likely to have a broader spectrum, and broadening the spectrum around that point brings in additional energy injections. Hence bounds for power-law injection spectra will be stronger since the DGB is sensitive to the bolometric gamma-ray energy input of VHE/UHE gammaray sources. To demonstrate this, we also show integrated limits assuming E^′Q_E′ =const., where tighter bounds are obtained (see Figure 11). Redshift evolution models moderately affect constraints, and limits are stronger for faster evolution models. The DGB obtained by LAT implies that the bolometric gamma-ray energy budget should satisfy

Q_γ = L_γ n_s ≲ 6 × 10^{44} erg Mpc^{−3} yr^{−1}(3/ξ_z ), (3.4)

for injections in the VHE/UHE range.

Cascades gives the bound on the energy budget of VHE/UHE sources as well as a reasonable upper limit on the VHE DGB for some kinds of injections, without specifying sources. Which kind of astrophysical sources can potentially supply VHE/UHE gamma rays or VHECRs/UHECRs? Although there are various possibilities, sources detected by Fermi may be interesting candidates. Note that, though their gamma-ray budget in the MeV-GeV range can be estimated from Fermi observations, we do not know the VHE/UHE budget of those sources. This is one of the reasons why the VHE/UHE energy budget constraints are indeed useful. Among gamma-ray sources seen by Fermi, FR-I galaxies and BL Lac objects have [35] Q^{FR−I}_{[100 MeV,100 GeV]} ≈ 10^{46} erg Mpc^{−3} yr^{−1}, (3.5)

whereas FR-II galaxies and FSRQs have

Q^{FR−II}

[100 MeV,100 GeV] ∼ 10

44 − 10^{45} erg Mpc^{−3} yr^{−1}. (3.6)

– 13 –

Figure 11. Gamma-ray upper limits on the local gamma-ray energy budget of the universe. The upper solid curves are quasi-differential limits obtained with E^′Q_E′ = Q_γ , i.e., the same energy input at any E^′, for the near-mono-energetic gamma-ray injection. The lower dot-dashed curves are integrated limits for E^′Q_E′ = const., i.e., an E^{−2} differential spectrum, where E^′_{min} = 10^{2.75} GeV and E^′_{max} = 10^{11.25} GeV are assumed. The thick curves are obtained for star formation evolution [46], whereas the thin curves are for no redshift evolution.

Figure 12. The same as Figure 11. The thick solid curve represents the case where only the DGB fit obtained by Abdo et al. [5] is used, while the thin solid curve is for the case where the DGB fit up to ∼ 600 GeV is used. In the solid curves, the IGMF is assumed to be negligible for energy losses, while the opposite is assumed for the dot-dashed curve.

Note that the gamma-ray energy budget or the gamma-ray emissivity is expected to be larger at higher redshifts especially for FSRQs. Star-burst galaxies, which have recently found in the VHE range for nearby sources [10, 11], may also supply the comparable energy budget,

Q^{SG}_{[100 MeV,100 GeV]} ∼ 10^{46} erg Mpc^{−3} yr^{−1}, (3.7)

and normal starforming galaxies may also be relevant. GRBs are the most violent explosions in the universe, but their gamma-ray energy budget is expected to be smaller in the LAT band than guaranteed DGB contributers [see, e.g., 32, 54, 62, 78, 85, 89], and only a fraction of GRBs have been detected by LAT. Most of the electromagnetic energy seems to be radiated in the MeV range, where one expects [58, 59, 91]

Q^{GRB}_{[keV,10 MeV]} ≈ (0.3 − 2) × 10^{44} erg Mpc^{−3} yr^{−1}, (3.8)

and that resulting intergalactic cascade radiation is studied in detail by Refs. [30, 70].

From Eqs. (3.5) and (3.7), the VHE/UHE budget of BL Lac objects and star-burst galaxies in VHE/UHE gamma rays or VHECRs/UHECRs is expected to be smaller than ∼ 5 − 30 % of their gamma-ray energy budget in the ∼ 100 MeV range. For BL Lac objects, since the GeV gamma-ray emission is typically attributed to leptonic processes, cascaded gamma rays that can contribute to the VHE DGB could originally come from the same process but a sub-class, or by different processes including CR-induced processes. For starburst galaxies, the GeV emission is believed to be hadronic and the spectrum is is typically steeper than s = 2, so it is not natural to invoke excessive VHE/UHE gamma-ray emissions. For FSRQs and GRBs, values suggested in Eqs. (3.6) and (3.8) are comparable or smaller

– 14 – than that from the DGB constraint. Especially for GRBs, the constraint implies that the missing energy budget in the VHE/UHE range has to be quite large in order to make a significant part of the VHE DGB via cascades. Structure formation shocks, though gamma rays have not been detected from them, are also interesting sources of the DGB [53, 61]. The kinetic energy budget is order of ∼ 10^{48} erg Mpc^{−3} yr^{−1} [e.g., 74, 82], so the DGB constraint implies that only a fraction of the energy can be used for gamma rays (and neutrinos). Each class of known astrophysical sources has typical values of the luminosity L and source number density n_s. Therefore, not only the DGB constraint but also the constraint placed by searches for individual sources should also be useful. In Section 4, we also show the importance and power of the IACT survey constraint.

The energy budget constraint is very important to get implications for various kinds of more exotic physics. It enables us to put interesting constraints on the properties of annihilating and decaying dark matter [e.g., 72, and refrences therein]. Also, it can be used for constraining the abundance of primordial black holes that could contribute to the DGB via Hawking radiation [29].

Note that the DGB constraints are essentially determined by the DGB around ∼ 100 GeV. In fact, the results are not changed much if Eq. (2.1) is extrapolated up to ∼ 600 GeV (see Figure 12). The IGMF can moderately affect the results only in the UHE range. In Figure 11, the IGMF is neglected in calculating the cascaded gamma-ray flux, but it may be strong enough that the synchrotron cooling is more important than the IC cooling at UHE. In Figure 12, we show the case for an effective IGMF of B_{IG} = 1 nG, which is consistent with upper limits by Faraday rotation measurements [e.g., 56, 87, and references therein]^4 From Figure 12, one sees that the results can be affected by a factor of ∼ 2 due to the IGMF only at energies ≳ 10^8 GeV.

The obtained gamma-ray limits could be improved by resolving more point sources. Several authors have recently attempted to estimate contributions of the point sources below the LAT detection limit [1, 2, 7, 65], and the contribution of blazars is typically estimated to be ∼ 10 − 20 %. We will have better constraints on the gamma-ray energy budget if more point sources contributing to the DGB are resolved. In this work, we obtained gamma-ray limits based on the full DGB, which is conservative since the origin of the DGB is not yet agreed upon.

Next, let us consider constraints that can be placed by high-energy neutrino detectors such as IceCube. In order to obtain constraints on the neutrino energy budget, we have used a simplified approach through Eq. (3.3), and we get

E_ν Q_{Eν} ≲ 1.4 × 10^{43} erg Mpc^{−3} yr^{−1} ( E^2_ν Φ^{lim}_ν 3 × 10^{−8} GeV cm^{−2} s^{−1} sr^{−1} ) (3/ξ_z ). (3.9)

We show the results obtained from the IceCube-40 data [3] in Figure 13, which suggests that the neutrino constraints can be even stronger than the gamma-ray constraints for hadronic sources that gamma rays and neutrinos are comparably produced. As seen in Figure 14, they should be improved by full IceCube observations, where the expected sensitivity is assumed [3]. Note that the neutrino limit becomes worse at lower energies, due to atmospheric neutrinos. Generally speaking, it depends on details of sources (e.g., gamma-ray/neutrino production channels, a spectral index for CRs, and so on) which is stronger, the gamma-ray

4IGMFs in the universe are likely to be inhomogeneous, that is, the void IGMF can be much weaker whereas structured extragalactic magnetic fields can be much stronger.

– 15 –

Figure 13. Neutrino bounds on the local neutrino energy budget of the universe. The upper dashed curves represent quasi-differential limits estimated from the IceCube-40 analysis in 333.5 days [3]. The dotted curves show limits from the atmospheric neutrino background. The lower dot-dashed curves represent integrated limits obtained for E_ν Q_{Eν} = const. The thick curves are obtained for star formation evolution [46], whereas the thin curves are for no redshift evolution. WB represents the Waxman-Bahcall bound [94], whereas MB is for the Murase-Beacom bound for the effective iron survival [71].

Figure 14. The same as Figure 13. The thick dashed curve is for the IceCube-40 333.5 day observation, whereas the thin dashed curve is for the future full IceCube 3 year observation [3]. The ANITA limit is shown with the double-dotted curve [44]. The atmospheric neutrino background limit is overlaid with the dotted line [22]. Star formation evolution is assumed.

constraint or the neutrino constraint. But Figure 13 shows that neutrino observations are powerful as a probe of the VHE/UHE universe.

For astrophysical neutrino emitters, i.e., CR accelerators, high-energy neutrinos are produced via hadronuclear and/or photonuclear reactions. In the case of photomeson production that occurs when an incident photon energy (in the ion rest frame) exceeds the pion mass, since π^+ : π^0 ∼ 1 : 1 and a neutrino carries a quarter of the pion energy, the cumulative neutrino background is estimated to be [e.g., 71, 93] E_ν Q_{Eν} ≈ 3 8 min[1, f_{mes}](E_{cr}Q_{Ecr} ), (3.10)

where f_{mes} = f_{mes}(E_{cr}) is the photomeson production efficiency that depends on sources. For a power-law target photon spectrum, dn/dε = n_0(ε/ε_0)^{−β} (β ≳ 1), we have

f_{mes} ≈

2ε_0n_0 1 + β ct_{int}σ_Δ

Δε̄_Δ ε̄_Δ ( E_{cr} E^0_{cr} )_{β−1} , (3.11)

where t_{int} is the interaction time between CRs and photons, σ_Δ ∼ 5 × 10^{−28} cm^2, κ_Δ ∼ 0.2, ε̄_Δ ∼ 0.3 GeV, Δε̄_Δ ∼ 0.2 GeV, E^0_{cr} ≈ 0.5δ^2ε̄_Δm_pc^2/ε_0, and δ is the Doppler factor of the CR source. For example, in the case of GRB prompt emission, one typically expects f_{mes} ∼ 0.01 − 0.1 [93].

The formal limit of semi-transparent sources, f_{mes} → 1, is often referred as the Waxman- Bahcall bound [94], which implies

E_ν Q_{Eν} ≲ 2.3 × 10^{43} erg Mpc^{−3} yr^{−1} ( E_{cr}Q_{Ecr} 0.6 × 10^{44} erg Mpc^{−3} yr^{−1} ) (3.12)

– 16 – for CRs with E_{cr}Q_{cr} = const., where E_{cr}Q_{Ecr} ≈ 0.6×10^{44} erg Mpc^{−3} yr^{−1} is the UHECR energy budget that depends on their spectral index [52]. Though more general neutrino bounds are obtained in Ref. [64], many of the theoretical predictions on neutrinos from UHECR sources lie below those bounds. Also, as claimed by the IceCube collaboration [3] and indicated in Figure 13, the current IceCube-40 results on the neutrino background have already reached this bound for fast redshift evolution. The Waxman-Bahcall bound, i.e., effective nucleon-survival bound is shown in Figure 13 with E_{cr}Q_{Ecr} = 0.6 × 10^{44} erg Mpc^{−3} yr^{−1}.

If observed UHECRs consist of heavy nuclei rather than protons, CRs have to survive photodisintegration both inside and outside the source. Requiring survival of nuclei implies that the number of target photons necessary for neutrino production is also limited, and Murase & Beacom [71] gives

E_ν Q_{Eν} ≲ 1.8 × 10^{42} erg Mpc^{−3} yr^{−1} ( A 56 )_{−0.21} ( E_{cr}Q_{Ecr} 0.6 × 10^{44} erg Mpc^{−3} yr^{−1} ) , (3.13)

for CRs with E_{cr}Q_{cr} = const., which is order of magnitude smaller than Eq. (3.12). It is also applicable to cosmogenic neutrinos when UHECRs arriving at the earth are still nucleusrich, and it is indeed consistent with recent detailed calculations [see 19, 56, and references therein]. As indicated in Figure 13, the effective iron-survival bound is comparable to the integrated limit placed by the full IceCube in three years [71].

CR accelerators should produce gamma rays as well as neutrinos. However, regarding primary gamma rays and neutrinos in the sense that they are produced as secondaries by CR ions or electrons inside the sources, the amount of VHE/UHE gamma rays inducing the intergalactic cascade highly depend on details of source physics. If hadronic gamma rays are produced by photonuclear reactions (rather than ion synchrotron radiation) and the source is optically thin for the pair creation process, in the case of proton accelerators, there are three contributions. The first and second contributions are π^0 gamma rays and electron-positron pairs from photomeson production. The third contribution consists of pairs from the Bethe- Heitler process. If the photomeson production is dominant, neutrino constraints by IceCube are stronger than gamma-ray constraints at sufficiently high energies [see also 18]. If the Bethe-Heitler process is more relevant than the photomeson production in the total proton energy loss, gamma-ray constraints can be more stringent than neutrino constraints.

However, for powerful synchrotron sources such as GRBs and AGN, charged leptons are confined and VHE/UHE gamma rays are cascaded inside the source, and a significant fraction of the electromagnetic energy may be radiated as lower-energy gamma rays below even the LAT band. When the source cascade is relevant, Eq. (2.2) no longer applies and the DGB constraint can be irrelevant depending on the pair creation opacity in the source. On the other hand, a fraction of gamma rays can escape from the source and can induce intergalactic cascades [68], where the DGB constraint is applicable. For such sources, the released gamma-ray energy flux is comparable to the released neutrino energy flux at energies where escape is possible, and the neutrino constraints shown in Figures 13 and 14 are stronger than the gamma-ray constraint shown in Figures 11 and 12. In Figure 8, we showed the case where UHE gamma rays contribute to the DGB. However, as long as neutrinos are expected (though neutrino detection at ≳ EeV is more difficult than at ∼ PeV), it is unlikely that UHE gamma rays contribute to the DGB.

Finally, we comment on the case of the intergalactic VHECR-induced cascade. The situation is similar but more or less different for secondaries produced outside the source, i.e., gamma rays and neutrinos produced via interactions of CRs leaving the source with the

– 17 –

EBL and CMB. In this case, the Bethe-Heitler process can be dominant especially when the spectrum of injected CRs is steep and/or their maximum energy is not high enough to cause photomeson production. Detailed comparisons between the gamma-ray constraint and the neutrino constraint have been recently done in the specific context of UHECRs [18, 24, 36, 43, 92], so we do not discuss them further.

4 Constraints from TeV surveys of individual sources

4.1 Analytical estimates

Constraints from the diffuse or cumulative backgrounds are valid for a general class of extragalactic gamma-ray sources. From Eq. (3.4), the DGB measured by LAT gives a constraint of n_s ≲ 2 × 10^{−6} Mpc^{−3} ( L_γ 10^{43} erg s^{−1} )_{−1} ( f_z 3 )_{−1} , (4.1)

as long as the injected gamma-ray energy is high enough. Note that the above expression holds in the CR-induced cascade case. When the cascade is governed by the Bethe-Heitler process, we expect that the main contribution comes from distant VHECR sources. Since VHE/UHE protons are expected to be depleted during their propagation over cosmological distance, one expects

n_s ≲ 2 × 10^{−6} Mpc^{−3} (¯ f_{BH}L_{vhecr} 10^{43} erg s^{−1} )_{−1} ( f_z 3 )_{−1} , (4.2)

where L_{vhecr} is the total luminosity of VHECRs that can efficiently interact with CMB photons via the Bethe-Heitler process, f̄_{BH} is the typical Bethe-Heitler efficiency. Note that this constraint becomes weaker as the proton maximum energy is lower.

Not only measurements of the diffuse or cumulative backgrounds but also surveys of individual (point and extended) sources can give us useful information on the population of luminous steady sources [e.g., 14]. The cascade can make sources more detectable than the case where the attenuation alone is taken into account. Searches for individual sources would be especially important for IACTs such as CTA, since it is difficult for them to detect the DGB in the TeV range because of their small fields of view [see, e.g., 50, for the study on blazars]. In the following, we discuss the detectability of an individual source through surveys with next-generation IACTs such as CTA, in addition to background constraints by LAT and IceCube. In particular, we consider survey constraints in the n_s − L plane, assuming non-detections in the total observation time t_{sur}. For our purposes, we take the DGB constraint and IACT survey constraint to be independent and complementary.

By the time when CTA starts observations, the DGB measured by Fermi may be reduced by resolving more point sources, and the DGB constraint could be stronger. But we conservatively use the current DGB constraint in this work. If the IACT survey constraint is weaker than the DGB constraint, sources that contribute to the DGB via cascades will be allowed to make a significant part of the VHE DGB. If the IACT survey constraint becomes stronger, which is expected especially for luminous VHE sources, it can exclude scenarios where those luminous sources make an important contribution to the VHE DGB. This implies that constraints by IACTs on populations of undetected sources can be more powerful than what is inferred from the Fermi DGB measurement that enables us to probe

– 18 – only the overall energy budget. The joint-analyses would be helpful especially when the constraints are comparable.

In Section 2, we used Q(z), since the DGB depends only on the energy budget. But, in following discussions, we need to break the degeneracy between and L(z) and n(z). Hereafter, for simplicity, we assume the limit that Q(z) = Ln_s(z), i.e., the luminosity does not have redshift evolution. This may not be the case in, e.g., AGN, where the pure luminosity evolution has often been considered [but see, e.g., 1, 49]. Studying this case is conservative, since the other limit, Q(z) = L(z)n_s, allows us to see more distant sources (see Eq. (4.7)) for the same redshift evolution, which is more optimistic. Also, we do not consider the luminosity function since we do not specify any class of gamma-ray/neutrino or VHECR sources.

At the Earth, the energy flux of a source with the isotropic luminosity L is written as EF_E = 1 4πd^2 (EG_E L) (4.3)

where EG_E is introduced as

EG_E ≡ (EL_E /L) (neither attenuation nor cascade) (EL_E /L)e^{−τ} (attenuation) (EG_E ) (cascade),

(4.4)

where G_E is introduced in Eq. (2.2). For neutrinos, we consider neither attenuation nor cascade. For gamma rays, we take into account either attenuation or cascade. For primary gamma-ray injections, the attenuation case is conservative and more realistic when the secondary contribution is negligible. For collimated sources like blazars, it is the case when the void IGMF is so strong that pairs are deflected and may even be isotropized (and an giant isotropic pair halo is formed) [17]. On the contrary, the cascade cases are justified in such collimated sources when the IGMFs are weak enough. We especially assume that cascaded TeV gamma rays are seen as point sources^5, and this assumption is independently motivated by cascade interpretations of extreme TeV blazars. In the intermediate regime, secondary GeV-TeV gamma rays form an anisotropic pair halo around a collimated source [76, 77]. The deflection angle of electron-positron pairs is estimated to be θ_{IG} ≈ ( √ 2λ_{IC})/( √ 3r_L) ≃ 0.063 deg B_{IG,−15}γ^{−2}_{e,7.5}, so the anisotropic pair halo becomes relevant when θ_{IG} > θ_j (that is the jet opening angle) for collimated sources such as blazars and GRBs. In the case of primary gamma-ray injections, its apparent size is estimated to be Θ_{ex} ≈ (λ_{γγ} /d)(1 + λ_{γγ} /d)θ_{IG} ≃ 0.02 deg (λ_{γγ} /300 Mpc)(Gpc/d)B_{IG,−15}γ^{−2}_{e,7.5}(1 + λ_{γγ} /d). If the angular resolution of ∼ 0.05 deg is achieved at TeV [13], the source extension is irrelevant only when the void IGMF is weaker than a few ×10^{−15} G for distant sources. For isotropic sources, we expect Θ_{ex} ≈ (λ_{γγ} /d) ≃ 0.3 deg (λ_{γγ} /300 Mpc)(Gpc/d).

Note that G_E also depends on d. Then, the flux is compared to detector sensitivities. In this work, as the detection criterion, we use

F_E ≥ F^{lim}_E , (4.5)

where F^{lim}_E is the detector sensitivity in unit of particles per time per area. We use the differential sensitivity in this study, though the integrated one would improve the detectability

5Weak IGMFs can still be important for transient collimated sources, though this work focuses on steady sources. Noticing that E^{IC}_γ ≈ (4/3)γ^2_e εCMB, the corresponding time spread at TeV energies is [76] is ΔtIG ≈ (1/2)θ^2_{IG}(λγγ /c) ≃ 430 yr B^2_{IG,−15}(λγγ /300 Mpc)(Eγ /TeV)^{−2}, which can be longer than the source duration.

– 19 – by a factor. Measurements of spectra are eventually necessary to reveal source physics in detail, and the differential sensitivity can be easily compared to theoretical predictions [50]. Assuming a survey with its total observational area ΔΩ_{sur} and total observation time t_{sur}, the individual source sensitivity becomes

F^{lim}_E = F^{sur}_E ( t_{sur} t_{fov} )_{1/2} (4.6)

where t_{fov} = t_{sur}(ΔΩ_{fov}/ΔΩ_{sur}) is the observation time per patch and we set the field of view to ΔΩ_{fov} = 20 deg^2 [14]. In this study, we focus on next-generation IACTs, and we use the CTA differential sensitivity for the 50 hr observation, F^{50}_E [13]. We also fix the total survey time, i.e., how much time is devoted to pointing observations, to t_{sur} = 1200 hr. This is possible by multi-year observations, and t_{sur} = 250 hr is comparable to the time dedicated by HESS to its Galactic plane survey and it will represent only 1/4 of the observation time expected for CTA during the first year of observations. Of course, the resulting constraints can be improved if a longer survey time is used.

For given L, one can define the distance above which we cannot detect a single source as d_{lim} ≡ ( EG_E L 4πEF^{lim}_E )_{1/2} . (4.7)

The number of sources located in a cone with a radius d_{lim} and a solid angle ΔΩ_{sur} is n_s(ΔΩ_{sur}/3)d^3_{lim}, so the critical number density of sources, where the number within the cone becomes unity, is [see, e.g., 60, 80]

n_c = ( 3 ΔΩ_{sur}d^3_{lim} ) = 3 ΔΩ_{sur} ( 4πEF^{lim}_E EG_E L )_{3/2} (4.8)

Then, using Eq. (4.5), a non-detection with a CTA-like IACT survey would imply

n_s ≲ n_c ∼ 6 × 10^{−7} Mpc^{−3} ( L 10^{43} erg s^{−1} )_{−3/2}( EG_E 0.2 )_{−3/2}( t_{sur} 250 hr )_{−3/4}

× ( EF^{50}_E 10^{−13} erg cm^{−2} s^{−1} )_{3/2}( ΔΩ_{sur} 4000 deg^2 )_{−1/4}( ΔΩ_{fov} 20 deg^2 )_{−3/4} , (4.9)

where we have used EF^{sur}_E ∝ t^{−1/2}_{sur} . Comparing Eq. (4.9) to Eq. (4.1), one sees that the DGB constraint is more stringent for less-luminous gamma-ray sources and vice versa for more-luminous gamma-ray sources. For neutrino observations by IceCube, the background limit is typically stronger than the point source limit except for nearby, special (exceptional) sources [60, 80].

One can make a similar argument for the VHECR-induced cascade. For the VHECRinduced cascade, EG_E follows EG_E ∝ τ_{BH} τ_{γγ} (1 − e^{−τγγ} ) ∼ {_d λ_{BH} (d < λγγ ) λ_{γγ} λ_{BH} (λγγ < d < λBH). (4.10)

Therefore, the luminosity-dependence of n_s can be different from Eq. (4.9). When λ_{γγ} at the typical energy of observed photons is longer than d_{lim}, we expect

n_c ∝ L^{−3}_{vhecr}t^{−3/2}_{sur} (EF^{50}_E )^3ΔΩ^{1/2}_{sur} ΔΩ^{−3/2}_{fov} , (4.11)

– 20 –

Figure 15. Constraints from the DGB measured by Fermi and from TeV surveys with future CTAlike IACTs. Here s = 1.5 and E^′_{max} = 10^{2.25} TeV is assumed for the primary gamma-ray spectrum. Whereas Survey (attenuation) represents the case where only the attenuated emission is relevant, Survey (cascade) represents the case where the cascade emission contributes to the individual source flux.

Figure 16. Dependence on photon indices for the injection spectrum, in constraints from TeV surveys with future CTA-like IACTs. The primary gamma-ray spectrum is normalized with E^′_{max} = 10^{2.25} TeV for s = 1.5, E^′_{min} = 10^{−2.25} TeV and E^′_{max} = 10^{2.25} TeV for s = 2.0, and E^′_{min} = 10^{−2.25} TeV for s = 2.4, respectively. Cascade contributions are included.

which is different from the conventional relation

n_c ∝ L^{−3/2}_{vhecr}t^{−3/4}_{sur} (EF^{50}_E )^{3/2}ΔΩ^{−1/4}_{sur} ΔΩ^{−3/4}_{fov} . (4.12)

The reason why Eq. (4.11) is different from Eq. (4.12) is that more gamma rays are produced during the CR propagation for more distant CR sources, since the CR energy loss due to the Bethe-Heitler process increases as d unless CRs are depleted.

4.2 Results and prospects

In this subsection, we show the numerical results on constraints in the n_s −L plane that come from the DGB measured by LAT, TeV surveys by next-generation IACTs, and the neutrino background limit by IceCube. Taking into account cosmology, the source number density is numerically calculated by

n_c = c H_0

∫_{zlim} dz ΔΩ_{sur}d^2_L(n_s(z)/n_s)

(1 + z)^2 √ Ω_Λ + (1 + z)^3Ω_m −1 , (4.13)

where d_L is the luminosity distance and z_{lim} is the redshift corresponding to d^{lim}_L . Throughout this section, for demonstrative purposes, we take the star formation history as a redshift evolution model [46].

First, we consider VHE gamma-ray emitters with hard injection spectra. Such sources have been found in extreme TeV blazars by IACT observations [15, 16], as mentioned above. The results for E^′_γ L_E′_γ ∝ (E^′_γ )^{2−s} with s = 1.5 are shown in Figure 15. In the attenuation case, the constraint from the DGB is almost comparable or more stringent at low luminosities, so it may be difficult for IACT surveys to find them. However, in the cascade case, the future IACT survey constraint is stronger than the DGB constraint for luminous sources with

– 21 –

L_γ ≳ 10^{42} erg s^{−1}. Here, one should keep in mind that current IACT limits seem to be weaker and worse than the DGB constraint, since their sensitivities are ∼ 10 times lower than the CTA sensitivity. Note that the dependence expected from the analytical estimate, n_c ∝ L^{−1.5}_γ , can be seen only at sufficiently low luminosities, and deviation from this analytical relation is more important at higher luminosities. This is because higher luminosities correspond to larger values of d^{lim}_L and the EBL attenuation becomes more significant at larger distances. The dependence on s is shown in Figure 16. Due to the near-universal cascade spectrum, the result is not sensitive once the spectral index is harder than 2 as long as E^{′max}_γ is high enough. Obviously, LAT observations in the GeV range are more relevant for steeper (s > 2) photon indices.

In Figure 17, we consider UHE gamma rays [68, 69], which can be produced in UHECR accelerators. Again, the qualitative results do not change compared to those shown in Figure 15, since cascades lead to a near-universal spectrum for distant sources. This is seen from the fact that the result is not much changed even for the primary gamma-ray spectrum with E^′_γ Q_E′_γ = const. Note that the constraint becomes significantly loosened at low luminosities since a significant fraction of UHE gamma rays from nearby sources can reach the Earth [68].

Next, we consider the VHECR-induced intergalactic cascade, which provides an interesting possibility to explain extreme TeV blazars [37, 38, 73, 79]. This case is shown in Figure 18, but we see qualitative changes compared to those shown in Figures 15 and 17. At lower luminosities, Eq. (4.11) rather than Eq. (4.12) is more appropriate since gamma rays are mainly injected via the Bethe-Heitler process. At high luminosities, the dependences become more or less similar. But, due to the Bethe-Heitler process, the VHECR-induced cascade is easier to see for distant sources, at higher energies such that λ_{γγ} < d (as long as the IGMFs are weak enough) [see also Figure 7 of Ref. 73]. Note that, in the VHECR-induced cascade scenario of extreme blazars, the apparent isotropic luminosity of L_{vhecr} ∼ 10^{45−46} erg s^{−1} is typically required, depending on structured extragalactic magnetic fields [73, 79]. For such luminosities, the IACT survey constraint is stronger so it is useful to test the VHECRinduced cascade hypothesis including a scenario where VHECRs from extreme TeV blazars significantly contribute to the VHE DGB.

As discussed in Section 3, UHE gamma-ray sources may also be high-energy neutrino sources, since UHE gamma rays should be produced by hadronic mechanisms. Although the ratio of the neutrino flux to the gamma-ray flux strongly depends on source models, it is interesting to see the neutrino constraint for comparison. In Figure 19, we show neutrino constraints obtained by IceCube-40 [3, 83]. For demonstrative purposes, we only consider a mono-energetic injection spectrum. The point source limit is obtained for a mono-energetic spectrum with E^′_ν = (1 + z)E_ν = 1 PeV. On the other hand, the constraint from the background observation is always stronger, which is consistent with previous studies [60, 80]. One sees that the neutrino constraints are more powerful than the gamma-ray constraint, if E^′_ν Q_E′_ν ∼ E^′_γ Q_E′_γ is satisfied. For blazars whose typical density is n_s ∼ 10^{−7} Mpc^{−3}, some hadronic blazar models need L_ν ∼ L_γ ∼ 10^{45} − 10^{46} erg s^{−1} [e.g., 21]. Then, the neutrino limit of E_ν L_{Eν} ≲ 10^{43.5} erg s^{−1} suggests that optimistic models [e.g., 64] have already been excluded [80]. This demonstrates the importance of neutrino observations as a probe of UHECR accelerators.

4.3 Detectability of individual sources with future TeV observations

As seen before, the background observations by Fermi and IceCube give us constraints on n_s and L (or EL_E ). And then one can estimate the expected number of VHE/UHE sources that

– 22 –

Figure 17. Constraints from the DGB measured by Fermi and from TeV surveys with future CTAlike IACTs. For the thick curves, the near-mono-energetic gamma-ray injection over a half decade in logarithmic energy (with the central value of E^′_{max} = 10 EeV) is assumed. For the thin curves, E^′Q_E′ = const. with E^′_{min} = 10^{2.75} GeV and E^′_{max} = 10^{11.25} GeV is assumed.

Figure 18. Constraints from the DGB measured by Fermi and TeV surveys with future CTA-like IACTs. Here L_{vhecr} is used, and q = 2.6 and E^′_{max} = 10^{19} eV are assumed for the primary proton spectrum. Survey (cascade) represents the case where the cascade emission contributes to the individual source flux, while DGB shows the constraint from the DGB fit obtained by Fermi.

are detectable by TeV surveys with future IACTs for given n_s and L. Given the sensitivity with F^{lim}_E , the number of detectable sources is estimated by N(L) = c H_0

∫_{zlim} dz ΔΩ_{sur}d^2_Ln_s(z)

(1 + z)^2 √ Ω_Λ + (1 + z)^3Ω_m = n_s n_c , (4.14)

where n_s is constrained from the DGB constraints discussed in Section 3. One should keep in mind that this estimate is valid only in the continuous limit. We cannot exclude the existence of some outliers (accidentally nearby sources) located within d^{lim}_L , and such sources might be seen even if N(L) ≲ 1.

Our results can be used for estimating the typical maximum number of VHE gammaray sources with very hard gamma-ray spectra, assuming the next-generation IACTs such as CTA. Here we mean that we do not consider the existence of outliers (accidentally nearby sources) located within d^{lim}_L by typical. The analytical estimate roughly gives N(L) ≲ 3 ( L 10^{43} erg s^{−1} )_{1/2}( EG_E 0.2 )_{3/2}( t_{sur} 250 hr )_{3/4}

× ( EF^{50}_E 10^{−13} erg cm^{−2} s^{−1} )_{−3/2}( ΔΩ_{sur} 4000 deg^2 )_{1/4}( ΔΩ_{fov} 20 deg^2 )_{3/4} , (4.15)

though it is not accurate at large luminosities because the spectral suppression by the EBL is relevant for distant sources. The numerical results are shown in Figure 20. In the cascade case, the typical number of detectable sources is expected to be at most ∼ 2−3 with a 250 hr survey by CTA. But this number can be increased to ∼ 7 − 8 with t_{sur} = 1200 hr. One obtains ∼ 3 − 8, at L_γ ∼ 10^{44} − 10^{46} erg s^{−1} that is typical for high-peak BL Lac objects. Note that the results are not sensitive to E^{′max}_γ , once E^{′max}_γ is high enough for the cascaded gamma-ray spectrum to be similar. In the attenuation case, except for nearby outliers, it

– 23 –

Figure 19. Constraints from IceCube-40 observations of the cumulative neutrino background and point source observations. The background limit is obtained from the quasi-differential sensitivity at E = 1 PeV. The point source limit is estimated from the quasi-differential sensitivity for the declination angle of +30 deg for the mono-energetic neutrino injection at E^′_i = 1 PeV.

Figure 20. Estimates on the typical maximum number of VHE gamma-ray sources that are allowed by the DGB measurement and are detectable by TeV surveys with future CTA-like IACTs. The photon index is set to s = 1.5 with E^′_{max} = 10^{2.25} TeV or E^′_{max} = 10^{3.25} TeV. The dashed curves represent the case where the cascade emission contributes to the individual source flux, whereas the dotted curves are for the case where only the attenuated emission is relevant.

may be difficult to find such very hard gamma-ray emitters with CTA-like surveys, and the results highly depend on E^{′max}_γ .

Next, we consider UHE gamma-ray emitters, motivated by searches for the origin of UHECRs. For demonstration, we consider a near-mono-energetic neutrino/gamma-ray emitter, where UHE photon and neutrinos are comparably produced with E^′_ν Q_E′_ν = E^′_γ Q_E′_γ at 10 EeV (cf. Figure 17). Then, the IceCube sensitivity on the neutrino background at 10 EeV gives an estimate on the typical maximum number of UHE gamma-ray emitters, as shown in Figure 21. Based on IceCube-40 limits on the neutrino background, one sees that ≳ 10 distant and bright UHE gamma-ray emitters may be detected for t_{sur} = 1200 hr. However, by the time when CTA starts gamma-ray observations, IceCube will have improved sensitivities to the cumulative neutrino background. Therefore, though IceCube may eventually detect extragalactic neutrino sources, we also use the full IceCube background limit to estimate the typical number of detectable UHE gamma-ray emitters. In this case, one sees that ∼ 2 − 3 distant and luminous UHE gamma-ray emitters may be detected. Note that the IceCube sensitivity is better at ∼ PeV than at ∼ EeV.

Just for demonstrative purposes, we also show the case for E^′_ν Q_E′_ν = E^′_γ Q_E′_γ =const., where the expected number of detectable VHE/UHE gamma-ray emitters is smaller than unity because of the stricter neutrino limit. In this case, we have

N(L) ≲ 0.3 ( L 10^{43} erg s^{−1} )_{1/2}( EG_E 0.2 )_{1/2}( R 20 )_{−1}( t_{sur} 250 hr )_{3/4}

× ( EF^{50}_E 10^{−13} erg cm^{−2} s^{−1} )_{−3/2}( ΔΩ_{sur} 4000 deg^2 )_{1/4}( ΔΩ_{fov} 20 deg^2 )_{3/4} , (4.16)

– 24 –

Figure 21. Estimates on the typical maximum number of steady UHE gamma-ray sources that are allowed by the neutrino background observation and are detectable by TeV surveys with future CTA-like IACTs. The dashed curves are for the future full IceCube limits, while the dotted curves are for the present IceCube-40 limits. For the thick curves, the near-mono-energetic UHE injection over a half decade in logarithmic energy (with the central value of 10 EeV) is assumed (for both gamma rays and neutrinos). For the thin curves, E^′Q_E′ = const. with E^′_{min} = 10^{2.75} GeV and E^′_{max} = 10^{11.25} GeV is assumed (for both gamma rays and neutrinos). The limits are obtained assuming E^′_ν Q_E′_ν = E^′_γ Q_E′_γ .

Figure 22. The estimate on the typical maximum number of VHECR-induced cascade sources that are allowed by the DGB measurement and are detectable by TeV surveys with future CTAlike IACTs. The CR index is set to q = 2.6 with E^′_{max} = 10^{19} eV. The dashed curve represents the case where the cascade emission contributes to the individual source flux.

where R = ln(E^{′max}_γ /E^{′min}_γ ) and Eq. (4.16) also agrees with the numerical result at low luminosities, L_γ ≲ 10^{43.5} erg s^{−1}. This demonstrates that neutrino constraints are more important than gamma-ray constraints for gamma-ray emitters with E^′_ν Q_E′_ν ≳ E^′_γ Q_E′_γ . Such cases are realized, e.g., when gamma rays are dominantly produced by photomeson production and/or the pp reaction.

Finally, we consider the case of the VHECR-induced cascade. The result is shown in Figure 22. For VHECR luminosities of L_{vhecr} ∼ 10^{45} − 10^{46} erg s^{−1} that are typically required in the VHECR-induced cascade scenario for extreme TeV blazars [38, 73, 79], it is possible to find a couple of such VHECR sources with future TeV surveys. If more dedicated surveys are possible or the integrated sensitivity is used, we expect that more VHECRinduced cascade sources can be seen if they significantly contribute to the VHE DGB. Also, there may accidentally be nearby sources. We emphasize that, in any case, it is important for future IACT surveys to search for such very hard gamma-ray sources. Those sources do not have to be detected by Fermi because the GeV flux may be much lower than the TeV flux due to their very hard spectra, because the IACTs have better sensitivities than Fermi. Of course, multi-wavelength observations are definitely relevant, since sources that are discovered at other wavelengths may eventually be confirmed as gamma-ray sources. However, one should also keep in mind that the connection between low energies and VHE/UHE is not clear in the presence of contributions produced by CRs.

The results presented in this section are general since we have not specified VHE/UHE

– 25 – sources. But, in the case of steady extragalactic sources, as far as we know, the main applicable VHE/UHE sources will be blazars. Interestingly, we may already have seen such intergalactic cascade sources. As explicitly shown in Murase et al. [73] and discussed in Section 2, both the gamma-ray-induced cascade and the CR-induced cascade can explain VHE spectra observed in extreme TeV blazars. So far, the number of such extreme sources is only a few, but we may find more such sources in the near future. The cascade hypothesis for the VHE DGB, suggested in Section 2, could be consistent with the existence of those extreme TeV blazars showing very hard spectra.

Note that we have considered steady sources. For transient sources, the strategy is different and all-sky monitors such as HAWC start to play an important role. In the case of AGN, for example, they often have flaring activities, and they show the high state in some episodes. Then, follow-up observations IACTs such as CTA should be useful to reveal their high-energy behaviors. In particular, even cascade signals may lead to long-term transients called pair echoes [69, 75], which can be very important for follow-up observations.

5 Summary and discussion

In this paper, we focus on the new information from two types of searches that seem to be close to theoretically-predicted fluxes: cascaded gamma rays and neutrinos. When VHE/UHE gamma rays undergo pair production, the original gamma rays are lost. However, the electrons and positrons lose energy in part by IC scattering, producing regenerated, lower-energy gamma rays. The repetition of these processes produces electromagnetic cascades. If sufficiently high-energy gamma rays are emitted, through energy conservation, they are cascaded down in the nominal detection range of Fermi, thus revealing higher-energy sources indirectly. With detailed numerical calculations, we demonstrated the potential importance of contributions from the cascades induced by high-energy gamma rays and VHECRs/UHECRs.

The origin of the DGB is largely unknown, so that new approaches are needed. Gammaray cascades provide a test for high-energy injections and may give a maximum extragalactic contribution to the VHE DGB, for which there are hints in the VHE DGB. Neutrinos are also useful as another test if the emission is hadronic, and those can be detected directly, with their emitted energies affected only modestly by the redshift. Together, these gammaray and neutrino probes can reveal the existence and nature of high-energy sources, whether astrophysical (e.g., CR accelerators) or exotic (e.g., dark matter annihilation or decay). They are complementary to studies on the population of sources and the anisotropy in the DGB. Our results can be summarized as follows.

(1) The EBL attenuation is typically relevant at ≳ 100 GeV energies, though quantitative details depend on redshift evolution models and EBL models. If the VHE DGB is the case, we would have three possibilities: (a) extragalactic origins with a “VHE Excess” in the ∼ 0.1 − 10 TeV range of the effective primary gamma-ray spectrum, (b) extragalactic origins with significant cascade contributions, (c) Galactic origins or other possibilities involving exotic physics such as Lorentz-invariance violation. It is natural to expect gamma-ray injections at sufficiently high energies, where a cascade component should start to dominate over the EBL-attenuated gamma-ray component attributed to the lower-energy DGB if sources with hard spectra have enough energy budgets. In such a cascade scenario (b), slower redshift evolution models are better to obtain harder DGB spectra, though fast redshift evolution models are required for the VHECR-indued cascade to avoid the overshooting problem that the required CR energy budget violates the observed CR flux. The no redshift evolution case

– 26 – can give a reasonable cascade upper limit on the VHE DGB although the argument depends on details of the injection. The precise determination of the VHE DGB will enable us to test the cascade hypothesis for the VHE DGB and fast evolution models may be excluded. Compared to VHECR-induced cascade sources, gamma-ray-induced cascade sources may help get harder DGB spectra just below TeV energies, and the discrimination between the two is in principle possible by upcoming precise measurements of the VHE DGB if the EBL is welldetermined. But the prediction of the VHE DGB is affected by the EBL. Though the VHE DGB at ≳ 1 TeV would become difficult to measure with existing telescopes, it is useful to test extragalactic scenarios for the VHE DGB and constraining the EBL. Anisotropy signals are also expected to change around the transition energy, where cascade components become dominant over other attenuation components from unresolved point sources, though details depend on the void IGMF. If the IGMF is not too small, resolving more point sources in the near future would be relevant since the cascade component would remain unresolved, making the DGB relatively harder in the VHE range.

(2) Another test of the cascade hypothesis for the VHE DGB can be achieved by future TeV surveys of individual distant sources with CTA. Weak void IGMFs with ≲ 10^{−15} − 10^{−14} G are motivated by intergalactic cascade scenarios for extreme TeV blazars such as 1ES 0229+200, although predictions depend on IGMFs. Hence, the intergalactic cascade hypothesis for the VHE DGB may be consistent with these cascade scenarios for individual TeV sources. But the former can be viable even if the latter is excluded. Even if the maximum typical number of detectable sources of cascaded gamma rays is at most ∼ 10, confirming or constraining these cascade signatures is crucial in order to understand the origin of the DGB and physics of VHE/UHE sources. Possibly, we may obtain important clues to extragalactic VHECR/UHECR accelerators or sources, which can also help know the origin of CRs.

More conservatively, we utilized the DGB just in order to place constraints on the energy budget of gamma rays, and obtained general cascade constraints on the gamma-ray energy budget. They can be compared to IceCube constraints on the neutrino energy budget, and we showed that neutrino observations are indeed powerful as a probe of VHE/UHE hadronic sources with E_ν Q_{Eν} ∼ E_γ Q_{Eγ} . We also demonstrated that future TeV surveys by next IACTs such as CTA are useful for identifying CR accelerators, and UHE gamma-ray and/or VHECR/UHECR emitters might be seen as cascaded TeV gamma-ray sources.

Our results strengthen the importance of observing the VHE DGB and the neutrino background, and support the case where current and future multi-messenger searches can play important roles in revealing extragalactic VHE/UHE sources, including CR accelerators.

After our paper was submitted and posted on arXiv (arXiv:1205.5755), a related paper [47] came out. Our work is general and comprehensive in the sense that we derived multi-messenger constraints on the energy budget and addressed future prospects of detecting individual sources as well as investigated general cascade contributions to the VHE DGB. Our numerical method is even applicable to the Klein-Nishina cascade induced by UHE gamma rays and the VHECR-induced cascade as well as the Thomson cascade induced by VHE photons.

Acknowledgments

K. M. is supported by JSPS and CCAPP. The research of J. F. B. is supported by NSF Grant PHY-1101216. H. T. is supported by JSPS. We thank an anonymous referee for many valuable comments. We also thank Markus Ackermann, Markus Ahlers, John Cairns,

– 27 –

Paolo Coppi, Charles Dermer, Shunsaku Horiuchi, Kunihito Ioka, and Alexander Kusenko for helpful discussions.

– 28 –

References

[1] K. N. Abazajian, S. Blanchet and J. P. Harding, “The Contribution of Blazars to the Extragalactic Diffuse Gamma-ray Background and Their Future Spatial Resolution,” Phys. Rev. D 84 (2011) 103007 [arXiv:1012.1247 [astro-ph.CO]].

[2] K. N. Abazajian, S. Blanchet and J. P. Harding, “Current and Future Constraints on Dark Matter from Prompt and Inverse-Compton Photon Emission in the Isotropic Diffuse Gamma-ray Background,” Phys. Rev. D 85 (2012) 043509 [arXiv:1011.5090 [hep-ph]].

[3] R. Abbasi et al. [IceCube Collaboration], “Constraints on the Extremely-high Energy Cosmic Neutrino Flux with the IceCube 2008-2009 Data,” Phys. Rev. D 83 (2011) 092003 [Erratum-ibid. D bf 84 (2011) 079902] [arXiv:1103.4250 [astro-ph.CO]].

[4] A. A. Abdo et al. [The Fermi-LAT Collaboration], “Fermi Large Area Telescope Bright Gamma-ray Source List,” Astrophys. J. Suppl. bf 183 (2009) 46 [arXiv:0902.1340 [astro-ph.HE]].

[5] A. A. Abdo et al. [The Fermi-LAT Collaboration], “The Spectrum of the Isotropic Diffuse Gamma-Ray Emission Derived From First-Year Fermi Large Area Telescope Data,” Phys. Rev. Lett. 104 (2010) 101101 [arXiv:1002.3603 [astro-ph.HE]].

[6] A. A. Abdo et al. [The Fermi-LAT Collaboration], “The First Catalog of Active Galactic Nuclei Detected by the Fermi Large Area Telescope,” Astrophys. J. 715 (2010) 429 [arXiv:1002.0150 [astro-ph.HE]].

[7] A. A. Abdo et al. [The Fermi-LAT Collaboration], “The Fermi-LAT high-latitude Survey:

Source Count Distributions and the Origin of the Extragalactic Diffuse Background,” Astrophys. J. 720 (2010) 435 [arXiv:1003.0895 [astro-ph.CO]].

[8] A. A. Abdo et al. [The Fermi-LAT Collaboration], “The Second Catalog of Active Galactic Nuclei Detected by the Fermi Large Area Telescope,” arXiv:1108.1420 [astro-ph.HE].

[9] A. A. Abdo, et al. [The Fermi-LAT Collaboration], “Fermi Large Area Telescope observations of Markarian 421: the missing piece of its spectral energy distribution,” Astrophys. J., 736 (2011) 131

[10] V. A. Acciari, et al. [VERITAS Collaboration], “A connection between star formation activity and cosmic rays in the starburst galaxy M82,” Nature, 462 (2009) 770

[11] F. Acero, et al., “Detection of Gamma Rays from a Starburst Galaxy,” Science, 326 (2009) 1080

[12] M. Ackermann, M. Ajello, A. Albert, L. Baldini, J. Ballet, G. Barbiellini, D. Bastieri and K. Bechtol et al., “Anisotropies in the diffuse gamma-ray background measured by the Fermi LAT,” arXiv:1202.2856 [astro-ph.HE].

[13] M. Actis et al. [CTA Consortium] “Design Concepts for the Cherenkov Telescope Array,” Exp.

Astron., 32 (2011) 193 arXiv:1008.3703 [astro-ph.IM].

[14] F. Aharonian et al. [HESS Collaboration], “The h.e.s.s. survey of the inner galaxy in very high-energy gamma-rays,” Astrophys. J. 636 (2006) 777 [astro-ph/0510397].

[15] F. Aharonian et al. [HESS Collaboration], “Detection of VHE gamma-ray emission from the distant blazar 1ES 1101-232 with H.E.S.S. and broadband characterisation,” Astron. Astrophys. 470 (2007) 475 [arXiv:0705.2946 [astro-ph]].

[16] F. Aharonian et al. [HESS Collaboration], “New constraints on the Mid-IR EBL from the HESS discovery of VHE gamma rays from 1ES 0229+200,” Astron. Astrophys. 475 (2007) L9 [arXiv:0709.4584 [astro-ph]].

[17] F. A. Aharonian, P. S. Coppi and H. J. Volk, “Very high-energy gamma-rays from AGN:

Cascading on the cosmic background radiation fields and the formation of pair halos,”

– 29 –

Astrophys. J. 423 (1994) L5 [astro-ph/9312045].

[18] M. Ahlers, L. A. Anchordoqui, M. C. Gonzalez-Garcia, F. Halzen and S. Sarkar, “GZK Neutrinos after the Fermi-LAT Diffuse Photon Flux Measurement,” Astropart. Phys. 34 (2010) 106 [arXiv:1005.2620 [astro-ph.HE]].

[19] L. A. Anchordoqui, H. Goldberg, D. Hooper, S. Sarkar and A. M. Taylor, “Predictions for the Cosmogenic Neutrino Flux in Light of New Data from the Pierre Auger Observatory,” Phys. Rev. D 76 (2007) 123008 [arXiv:0709.0734 [astro-ph]].

[20] S. Ando, E. Komatsu, T. Narumoto and T. Totani, “Dark matter annihilation or unresolved astrophysical sources? Anisotropy probe of the origin of cosmic gamma-ray background,” Phys. Rev. D 75 (2007) 063519 [astro-ph/0612467].

[21] A. M. Atoyan and C. D. Dermer, “Neutral beams from blazar jets,” Astrophys. J. 586 (2003) 79 [astro-ph/0209231].

[22] J. K. Becker, “High-energy neutrinos in the context of multimessenger physics,” Phys. Rept.

458 (2008) 173 [arXiv:0710.1557 [astro-ph]].

[23] V. Berezinsky, A. Z. Gazizov and S. I. Grigorieva, “On astrophysical solution to ultrahigh-energy cosmic rays,” Phys. Rev. D 74 (2006) 043005 [hep-ph/0204357].

[24] V. Berezinsky, A. Gazizov, M. Kachelriess and S. Ostapchenko, “Restricting UHECRs and cosmogenic neutrinos with Fermi-LAT,” Phys. Lett. B 695 (2011) 13 [arXiv:1003.1496 [astro-ph.HE]].

[25] V. S. Berezinsky and A. Y. Smirnov, “Cosmic neutrinos of ultra-high energies and detection possibility,” Astrophys. Space Sci. 32 (1975) 461.

[26] V. S. Berezinsky and G. T. Zatsepin, “Cosmic Rays at Ultra High Energies (Neutrino?),” Phys. Lett. B 28 (1969) 423

[27] M. Boettcher and C. D. Dermer, “An evolutionary scenario for blazar unification,” Astrophys.

J. 564 (2002) 86 astro-ph/0106395.

[28] J. A. Cairns, “Developing the Theory of Flux Limits from γ-Ray Cascades,” arXiv:0705.2760 [astro-ph].

[29] B. J. Carr, K. Kohri, Y. Sendouda and J. ’i. Yokoyama, “New cosmological constraints on primordial black holes,” Phys. Rev. D 81 (2010) 104019 [arXiv:0912.5297 [astro-ph.CO]].

[30] S. Casanova, B. L. Dingus, & B. Zhang, “Contribution of GRB Emission to the GeV Extragalactic Diffuse Gamma-Ray Flux,” Astrophys. J. 656 (2007) 306

[31] P. S. Coppi and F. A. Aharonian, “Constraints on the VHE emissivity of the universe from the diffuse GeV gamma-ray background,” Astrophys. J. 487 (1997) L9 [astro-ph/9610176].

[32] C. D. Dermer, “The Extragalactic Gamma Ray Background,” AIP Conf. Proc. 921 (2007) 122 [arXiv:0704.2888 [astro-ph]].

[33] C. D. Dermer, “Sources of GeV Photons and the Fermi Results,” arXiv:1202.2814 [astro-ph.HE].

[34] C. D. Dermer, K. Murase and H. Takami, “Variable Gamma-ray Emission Induced by Ultra-High Energy Neutral Beams: Application to 4C +21.35,” arXiv:1203.6544 [astro-ph.HE].

[35] C. D. Dermer and S. Razzaque, “Acceleration of Ultra-High Energy Cosmic Rays in the Colliding Shells of Blazars and GRBs: Constraints from the Fermi Gamma ray Space Telescope,” Astrophys. J. 724 (2010) 1366 [arXiv:1004.4249 [astro-ph.HE]].

[36] G. Decerprit and D. Allard, “Constraints on the origin of ultrahigh energy cosmic rays from cosmogenic neutrinos and photons,” Astron. Astrophys. 535 (2011) A66 [arXiv:1107.3722 [astro-ph.HE]].

– 30 –

[37] W. Essey, O. E. Kalashev, A. Kusenko and J. F. Beacom, “Secondary photons and neutrinos from cosmic rays produced by distant blazars,” Phys. Rev. Lett. 104 (2010) 141102 [arXiv:0912.3976 [astro-ph.HE]].

[38] W. Essey, O. Kalashev, A. Kusenko and J. F. Beacom, “Role of line-of-sight cosmic ray interactions in forming the spectra of distant blazars in TeV gamma rays and high-energy neutrinos,” Astrophys. J. 731 (2011) 51 [arXiv:1011.6340 [astro-ph.HE]].

[39] W. Essey and A. Kusenko, “A new interpretation of the gamma-ray observations of active galactic nuclei,” Astropart. Phys. 33 (2010) 81 [arXiv:0905.1162 [astro-ph.HE]].

[40] C. -A. Faucher-Giguere and A. Loeb, “The Pulsar Contribution to the Gamma-Ray Background,” JCAP 1001 (2010) 005 [arXiv:0904.3102 [astro-ph.HE]].

[41] B. D. Fields, V. Pavlidou and T. Prodanovic, “Cosmic Gamma-Ray Background from Star-Forming Galaxies,” Astrophys. J. 722 (2010) L199 [arXiv:1003.3647 [astro-ph.CO]].

[42] J. D. Finke, S. Razzaque and C. D. Dermer, “Modeling the Extragalactic Background Light from Stars and Dust,” Astrophys. J. 712 (2010) 238 [arXiv:0905.1115 [astro-ph.HE]].

[43] G. B. Gelmini, O. Kalashev and D. V. Semikoz, “Gamma-Ray Constraints on Maximum Cosmogenic Neutrino Fluxes and UHECR Source Evolution Models,” arXiv:1107.1672 [astro-ph.CO].

[44] P. W. Gorham et al. [The ANITA Collaboration], “Observational Constraints on the Ultra-high Energy Cosmic Neutrino Flux from the Second Flight of the ANITA Experiment,” Phys. Rev. D 82 (2010) 022004 [arXiv:1003.2961 [astro-ph.HE]].

[45] J. A. Hinton and W. Hofmann, “Teraelectronvolt astronomy,” Ann. Rev. Astron. Astrophys.

47 (2009) 523 [arXiv:1006.5210 [astro-ph.HE]].

[46] A. M. Hopkins and J. F. Beacom, “On the normalisation of the cosmic star formation history,” Astrophys. J. 651 (2006) 142 [astro-ph/0601463].

[47] Y. Inoue and K. Ioka, “Upper Limit on the Cosmological Gamma-ray Background,” arXiv:1206.2923 [astro-ph.HE].

[48] Y. Inoue, “Extragalactic Gamma-ray Background Radiation from Beamed and Unbeamed Active Galactic Nuclei,” J. Phys. Conf. Ser. 355 (2012) 012037 [arXiv:1108.1438 [astro-ph.HE]].

[49] Y. Inoue and T. Totani, “The Blazar Sequence and the Cosmic Gamma-Ray Background Radiation in the Fermi Era,” Astrophys. J. 702 (2009) 523 [Erratum-ibid. 728 (2011) 73] [arXiv:0810.3580 [astro-ph]].

[50] Y. Inoue, T. Totani and M. Mori, “Prospects for Very High Energy Blazar Survey by the Next Generation Cherenkov Telescopes,” arXiv:1002.4782 [astro-ph.HE].

[51] O. E. Kalashev, D. V. Semikoz and G. Sigl, “Ultra-High Energy Cosmic Rays and the GeV-TeV Diffuse Gamma-Ray Flux,” Phys. Rev. D 79 (2009) 063005 [arXiv:0704.2463 [astro-ph]].

[52] B. Katz, R. Budnik and E. Waxman, “The energy production rate & the generation spectrum of UHECRs,” JCAP 0903 (2009) 020 [arXiv:0811.3759 [astro-ph]].

[53] U. Keshet, E. Waxman, A. Loeb, V. Springel and L. Hernquist, “Gamma-rays from intergalactic shocks,” Astrophys. J. 585 (2003) 128 [astro-ph/0202318].

[54] T. M. Kneiske, “Gamma-ray background: A review,” arXiv:0707.2915 [astro-ph].

[55] T. M. Kneiske, T. Bretz, K. Mannheim and D. H. Hartmann, “Implications of cosmological gamma-ray absorption. 2. Modification of gamma-ray spectra,” Astron. Astrophys. 413 (2004) 807 [astro-ph/0309141].

[56] K. Kotera and A. V. Olinto, “The Astrophysics of Ultrahigh Energy Cosmic Rays,” arXiv:1101.4256 [astro-ph.HE].

– 31 –

[57] K. Kotera, D. Allard, and A.V. Olinto, “Cosmogenic neutrinos: parameter space and detectability from PeV to ZeV,” JCAP 10 (2010) 013

[58] T. Le and C. D. Dermer, “On the Redshift Distribution of Gamma Ray Bursts in the Swift Era,” Astrophys. J. 661 (2007) 394 [astro-ph/0610043].

[59] E. Liang, B. Zhang and Z. G. Dai, “Low Luminosity Gamma-Ray Bursts as a Unique Population: Luminosity Function, Local Rate, and Beaming Factor,” Astrophys. J. 662 (2007) 1111 [astro-ph/0605200].

[60] P. Lipari, “Perspectives of High Energy Neutrino Astronomy,” Nucl. Instrum. Meth. A 567 (2006) 405 [astro-ph/0605535].

[61] A. Loeb and E. Waxman, “Gamma-ray background from structure formation in the intergalactic medium,” Nature 405 (2000) 156 [astro-ph/0003447].

[62] A. Loeb and E. Waxman, “The Cumulative background of high energy neutrinos from starburst galaxies,” JCAP 0605 (2006) 003 [astro-ph/0601695].

[63] R. Makiya, T. Totani and M. A. R. Kobayashi, “Contribution from Star-Forming Galaxies to the Cosmic Gamma-Ray Background Radiation,” Astrophys. J. 728 (2011) 158 [arXiv:1005.1390 [astro-ph.HE]].

[64] K. Mannheim, R. J. Protheroe and J. P. Rachen, “On the cosmic ray bound for models of extragalactic neutrino production,” Phys. Rev. D 63 (2001) 023003 [astro-ph/9812398].

[65] D. Malyshev and D. W. Hogg, “Statistics of gamma-ray point sources below the Fermi detection limit,” Astrophys. J. 738 (2011) 181 [arXiv:1104.0010 [astro-ph.CO]].

[66] I. V. Moskalenko and T. A. Porter, “Isotropic Gamma-Ray Background: Cosmic-Ray Induced Albedo from Debris in the Solar System?,” Astrophys. J. 692 (2009) 54 [arXiv:0901.0304 [astro-ph.HE]].

[67] I. V. Moskalenko, T. A. Porter and S. W. Digel, “Inverse Compton scattering on solar photons, heliospheric modulation, and neutrino astrophysics,” Astrophys. J. 652 (2006) L65 [Erratum-ibid. 664 (2007) L143] [astro-ph/0607521].

[68] K. Murase, “Ultrahigh-Energy Photons as a Probe of Nearby Transient Ultrahigh-Energy Cosmic-Ray Sources and Possible Lorentz-Invariance Violation,” Phys. Rev. Lett. 103 (2009) 081102 [arXiv:0904.2087 [astro-ph.HE]].

[69] K. Murase, “High-Energy Emission Induced by Ultra-High-Energy Photons as a Probe of Ultra-High-Energy Cosmic-Ray Accelerators Embedded in the Cosmic Web,” Astrophys. J. 745 (2012) L16 [arXiv:1111.0936 [astro-ph.HE]].

[70] K. Murase, K. Asano and S. Nagataki, “Effects of Cosmic Infrared Background on High Energy Delayed Gamma-Rays from Gamma-Ray Bursts,” Astrophys. J. 671 (2007) 1886 [astro-ph/0703759].

[71] K. Murase and J. F. Beacom, “Neutrino Background Flux from Sources of Ultrahigh-Energy Cosmic-Ray Nuclei,” Phys. Rev. D 81 (2010) 123001 [arXiv:1003.4959 [astro-ph.HE]].

[72] K. Murase and J. F. Beacom, “Constraining Very Heavy Dark Matter Using Diffuse Backgrounds of Neutrinos and Cascaded Gamma Rays,” arXiv:1206.2595 [hep-ph].

[73] K. Murase, C. D. Dermer, H. Takami and G. Migliori, “Blazars as Ultra-High-Energy Cosmic-Ray Sources: Implications for TeV Gamma-Ray Observations,” Astrophys. J. 749 (2012) 63 [arXiv:1107.5576 [astro-ph.HE]].

[74] K. Murase, S. Inoue and S. Nagataki, “Cosmic Rays Above the Second Knee from Clusters of Galaxies and Associated High-Energy Neutrino Emission,” Astrophys. J. 689 (2008) L105 [arXiv:0805.0104 [astro-ph]].

[75] K. Murase, K. Ioka, S. Nagataki and T. Nakamura, “High-energy cosmic-ray nuclei from high-

– 32 – and low-luminosity gamma-ray bursts and implications for multi-messenger astronomy,” Phys. Rev. D 78 (2008) 023005 [arXiv:0801.2861 [astro-ph]].

[76] K. Murase, K. Takahashi, S. Inoue, K. Ichiki and S. Nagataki, “Probing Intergalactic Magnetic Fields in the GLAST Era through Pair Echo Emission from TeV Blazars,” Astrophys. J. 686 (2008) L67 [arXiv:0806.2829 [astro-ph]].

[77] A. Neronov and D. V. Semikoz, “Sensitivity of gamma-ray telescopes for detection of magnetic fields in intergalactic medium,” Phys. Rev. D 80 (2009) 123012 [arXiv:0910.1920 [astro-ph.CO]].

[78] V. Pavlidou and B. D. Fields, “The Guaranteed gamma-ray background,” Astrophys. J. 575 (2002) L5 [astro-ph/0207253].

[79] S. Razzaque, C. D. Dermer and J. D. Finke, “Lower limits on ultrahigh-energy cosmic ray and jet powers of TeV blazars,” Astrophys. J. 745 (2012) 196 [arXiv:1110.0853 [astro-ph.HE]].

[80] A. Silvestri and S. W. Barwick, “Constraints on Extragalactic Point Source Flux from Diffuse Neutrino Limits,” Phys. Rev. D 81 (2010) 023001 [arXiv:0908.4266 [astro-ph.HE]].

[81] J. M. Siegal-Gaskins, R. Reesman, V. Pavlidou, S. Profumo and T. P. Walker, “Anisotropies in the gamma-ray sky from millisecond pulsars,” Mon. Not. Roy. Astron. Soc. 415 (2011) 1074S [arXiv:1011.5501 [astro-ph.HE]].

[82] S. W. Skillman, B. W. O’Shea, E. J. Hallman, J. O. Burns and M. L. Norman, “Cosmological Shocks in Adaptive Mesh Refinement Simulations and the Acceleration of Cosmic Rays,” arXiv:0806.1522 [astro-ph].

[83] C. Spiering, “IceCube and KM3NeT: Lessons and Relations,” Nucl. Instrum. Meth. A 626-627 (2011) S48 [arXiv:1003.2590 [astro-ph.HE]].

[84] P. Sreekumar et al. [EGRET Collaboration], “EGRET observations of the extragalactic gamma-ray emission,” Astrophys. J. 494 (1998) 523 [astro-ph/9709257].

[85] F. W. Stecker, M. H. Salamon and M. A. Malkan, “The High-energy diffuse cosmic gamma-ray background radiation from blazars,” Astrophys. J. 410 (1993) L71.

[86] A. W. Strong, I. V. Moskalenko and O. Reimer, “A new determination of the extragalactic diffuse gamma-ray background from egret data,” Astrophys. J. 613 (2004) 956 [astro-ph/0405441].

[87] H. Takami and K. Murase, “The Role of Structured Magnetic Fields on Constraining Properties of Transient Sources of Ultra-high-energy Cosmic Rays,” Astrophys. J. 748 (2012) 9 [arXiv:1110.3245 [astro-ph.HE]].

[88] H. Takami, K. Murase, S. Nagataki and K. Sato, “Cosmogenic neutrinos as a probe of the transition from Galactic to extragalactic cosmic rays,” Astropart. Phys. 31 (2009) 201 [arXiv:0704.0979 [astro-ph]].

[89] T. A. Thompson, E. Quataert and E. Waxman, “The Starburst Contribution to the Extra-Galactic Gamma-Ray Background,” Astrophys. J. 654 (2006) 219 [astro-ph/0606665].

[90] T. M. Venters, “Contribution to the Extragalactic Gamma-ray Background from the Cascades of Very-high Energy Gamma Rays from Blazars,” Astrophys. J. 710 (2010) 1530 [arXiv:1001.1363 [astro-ph.HE]].

[91] D. Wanderman and T. Piran, “The luminosity function and the rate of Swift’s Gamma Ray Bursts,” Mon. Not. Roy. Astron. Soc. 406 (2010) 1944 [arXiv:0912.0709 [astro-ph.HE]].

[92] X. -Y. Wang, R. -Y. Liu and F. Aharnonian, “Constraining the Emissivity of Ultrahigh Energy Cosmic Rays in the Distant Universe with the Diffuse Gamma-ray Emission,” Astrophys. J. 736 (2011) 112 [arXiv:1103.3574 [astro-ph.HE]].

[93] E. Waxman and J. N. Bahcall, “High-energy neutrinos from cosmological gamma-ray burst

– 33 – fireballs,” Phys. Rev. Lett. 78 (1997) 2292 [astro-ph/9701231].

[94] E. Waxman and J. N. Bahcall, “High-energy neutrinos from astrophysical sources: An Upper bound,” Phys. Rev. D 59 (1999) 023002 [hep-ph/9807282].

[95] D. Yan, H. Zeng and L. Zhang, “The contribution from blazar cascade emission to the extragalactic gamma-ray background: What a role does the extragalactic magnetic field play?,” arXiv:1202.4250 [astro-ph.HE].

[96] H. Yuksel and M. D. Kistler, “Enhanced cosmological GRB rates and implications for cosmogenic neutrinos,” Phys. Rev. D 75 (2007) 083004 [astro-ph/0610481].

– 34 –