the astrophysical journal, Vol. 142, No. 4, 1677{1681, November 15, 1965 Copyright 1965 by the University of Chicago, Printed in U.S.A.

ON THE INTERACTION OF RADIATION FROM DISTANT SOURCES WITH THE INTERVENING MEDIUM

john n. bahcall and e. e. salpeter

We discuss several ways that a distant radiation source (with a large redshift assumed due to the cosmological expansion) can provide information over a wide range of distances about the intervening medium. As we shall show [cf. Gunn and Peterson (1965)] neutral hydrogen (or other atoms) at various distances between the source and us will give rise to an “absorption trough” in the continuous spectrum of a distant source. If the neutral hydrogen is instead concentrated in clusters of galaxies, this trough is replaced by a number of sharp absorption lines. Besides discussing (i) absorption troughs and (ii) absorption lines from clusters, we also consider (iii) photon scattering by free electrons in the intervening medium and (iv) spreading of a radio beam due to inhomogeneities in the ionized gas that is traversed. Present observations furnish some stringent upper limits, and we suggest other feasible cosmological tests.

Let z ≡ (Δλ/λ) be the “distance” or redshift measure, q_0 the deceleration parameter for the usual cosmological models (with cosmological constant equal to zero) that satisfy the field equations of general relativity (see, e.g., Bondi 1961, or Sandage 1961a, b), H the Hubble parameter with H_0 ≈ (10^{+10} years)�^1 (a subscript zero indicates a local value at the present epoch), and N the total density (in nucleons per cm^3). The evolving cosmologies^1 require that the total number density satisfy a relation of the form:

N(z) = (1 + z)^3N_0, (1)

where N_0 = 2 × 10�^5q_0 cm�^3. The steady-state model requires N(z) ≡ N_0 with N_0 ≈ (1 or 2) × 10�^5 cm�^3 in some versions (Hoyle 1948; Hoyle and Narlikar 1962). We denote the redshift of a distant source by z_s and that of an absorbing layer by z_a.

One can easily estimate (assuming a fairly flat ultraviolet spectrum [Greenstein and Schmidt 1964; Oke 1965; but see a]so Greenstein 1964]) values of z_s that may be observed in

1 We assume that all physical constants are independent of z_s (i.e., time). In particular, we assume that the relation between energy and wavelength for a photon emitted from a distant source is the same as for a photon emitted locally (constancy of hc). Comparison of redshifts measured (e.g., for 3C 273) with a diffraction grating (wavelength) and with a prism spectrometer (photon energy via the dispersion relation) or photoelectric detectors would check on the constancy of hc. Large effects can already be excluded (d[ln hc]/dt < 10�^{10} yr�^l) from the absence of any marked discrepancy for photons from distant sources in the two wavelengths for which atmospheric absorption sets in and photographic sensitivity falls off (both involve the photo effect and hence depend on photon energy). Similarly one can show from multiplet splittings in, e.g., the spectra of 3C 47 and 3C 147 (Schmidt and Matthews 1964), that d ln a^2/dt <∼ 10�^{11} yr�^1 (where a is the fine-structure constant) and therefore the variation of a with z_s cannot account for the redshifts of QSS’s (cf. Savedoff 1956).

QSS’s in the near future. A QSS with the intrinsic brightness of 3C 273 (one of the brightest QSS’s) would have an apparent magnitude of 20 for z_s = 2.0 on the steady-state model (note that 3C 9 with z_s = 2.05 is about seven times brighter than the above value), and for evolving cosmologies the z_s corresponding to apparent magnitude 20 increases monotonically from z_s = 2.5 for q_0 = 0 to z_s = 5 for q_0 = 1. We shall see later that an ionized, evolving universe with q_0 > 1 is optically thick to Thomson scattering for z_s > 5.

i) Consider continuum radiation emitted from a distant source at frequencies ν(1 + z_s), where ν is the received frequency, passing through the dilute gas which is postulated as a “substratum” in cosmology. If a constituent of the gas has a resonance absorption line at a frequency ν_{res}, then most of the absorption takes place at distances near z_a, where

z_a = (ν_{res}/ν) − 1 (2a) = (ν_{res}/v_{emission})(1 + z_s) − 1. (2b)

The optical depth τ (e�^τ is the attenuation factor for the photon intensity) is a step function of the received frequency ν which assumes the following values for the steady-state model [Gunn and Peterson (1965)]:

τ_{SS} = (πah̄c/m_eH_0)(f_{res}/ν_{res} )n_0 (3)

for z_a < z_s and τ = 0 for z_a > z_s (n_0 is the local number density of the relevant constituent end f_{res} is the appropriate oscillator strength). For an evolving model, one finds (z_a < z_s):

τ_{ev}(ν) = [ n(z_a)n�^1_0 ] (1 + z_a)�^1 [1 + 2q_0z_a]�^{1/2} τ_{SS}, (4)

with z_a defined by equation (2). For the Lyman-α line of atomic hydrogen (ν_{res} = 2.5 × 10^{15} (c/s), f_{res} = 0.42), equation (3) yields τ_{SS} = (n_{0,H} /2.4 × 10�^{11} cm�^3) where n is the density of neutral hydrogen. The function n(s) does not necessarily follow the same law (eq. [1]) as the total density, N(z), in an evolving model (see Gunn and Peterson 1965, although there are inaccuracies in their statements about the magnitude and temperature dependence of the ratio [n(z)/N(z)]).

From an asymmetry in the shape of the Lyman-α emission line observed in 3C 9, Gunn and Peterson estimate τ_{Ly}�_α ≈^1_2 at z_s = 2 (the reality of this effect could be checked in principle, for QSS’s with z_s < 2.2, by seeing if ratios of τ for Ly-α, Ly-β, etc., satisfy eqs. [3] or [4]). Applying equations (3) and (4) with z_a = z_s, one finds n_H = 1 × 10^{11} cm�^3 for the steady-state model and n_H (z_s = 2.0) = 6 × 10�^{11} cm�^3 for an evolving model with q_0 =^1_2 , more than 10^{+6} times less than total average densities predicted by typical cosmologies. This result for n_H refers to matter within a distance of (Δνc/νH) <∼ 10^8 light-years of 3C 9 (Δν is the observed width of the Lyman-α line). Gunn and Peterson note that an apparent depression of the continuum blueward of Ly-α is consistent with a similar density of neutral hydrogen at somewhat larger distances from 3C 9. Assuming the steady-state model with N = 10�^5 cm�^3, the theoretically predicted density of neutral hydrogen is (a) about 1 × 10�^{12} cm�^3 at the highest electron temperature T (∼ 2^6 ffi K; Field and Henry 1965) consistent with the X-ray observations (where Gunn and Peterson’s value of (σ_{rec} has to be increased by about a factor of 10; cf. Spitzer 1948); (b) roughly equal to the observed value of n_H = 1 × 10�^{11} cm�^3 for T ∼ 2 × 10^5 ffi K; and (c) increases rapidly with decreasing

T below 10^5 ffi K. Similar conclusions (with T_0 ≈ 10^5 ffi K for q_0 =^1_2 ) obtain for the evolving models, but with greater uncertainties.

We suggest using the intense continuum emission from QSS’s to probe the intervening medium at a variety of distances. Neutral hydrogen between the source and us produces a depression in the intensity of the continuum emission on the high-frequency side of an emission line due to resonance absorption. This depression occurs from the observed line frequency ν_{res}(1 + z_s)�^1 up to ν_{res}, forming an “absorption trough.” We propose using the presence or absence of this absorption trough to obtain information on the absorbing medium not only in the immediate vicinity of the source, as in the asymmetry of emission lines, but also over a wide range of distances (0 < z_a < z_s in eq. [2]).

Some conclusions can already be made regarding the cosmological abundance of atoms with allowed transitions in the energy range 3–10 eV, including, for example, Li i, C i and C ii, O i, Mg i and Mg ii, Al ii and Al iii, Fe i and Fe ii (as well as H, He i and He ii in their lowest excited states). The absence of observed absorption troughs in distant QSS spectra and the fact that distant QSS’s do not appear to be of anomalously low intrinsic brightness show that the above-mentioned atoms have an average cosmic abundance of less than 10�^{10} cm−3. (The Lyman and Werner bands in H_2 could be used to test a similar statement for H_2 when a QSS with z_s > 2.1 is discovered; the absence of the forbidden 1Σ^+_g →^3Σ^+_u transition [8–10 eV] in the spectrum of 3C 9 could only lead to an upper limit ≈ 10�^2 cm�^3 or 10�^3 cm�^3; cf. Gould and Salpeter 1963.)

According to the usual cosmological models (which assume, e.g., spatial isotropy), the optical depth τ_H is only a function of received frequency ν (in fact, independent of ν for the steady-state theory) or, equivalently, z_a. A determination of τ_H (ν) can therefore distinguish between various cosmologies. Measurements of relative spectral intensity as a function of ν_{emission} (for a given source) and for sources with different z_s could be combined to give τ_H (ν) especially if ultraviolet spectra are obtained from satellites for the nearer QSS’s (and τ_H is sufficiently large). For z_s ≪ 1, the “absorption trough” in the far UV is narrow, so that N_{0,H} can be obtained (as well as the intrinsic spectra] intensities in the continuum). Spectra from distant QSS’s (satellite observations or, for z_s >∼ 2, terrestrial) can then give τ_H for large z_a.

Photons that are emitted with a frequency greater than the ionization frequency of an atom or the dissociation frequency of a molecule could also produce absorption edges in the cosmological substratum. The ratio of the optical depth due to Lyman-α absorption to the optical depth due to ionization of atomic hydrogen is

(τ_{Ly}�_α/τ_{ion})_{SS} = 2 { 1 − [ν_{ion}/ (1 + z_s) ν]^3

}�_1 (5) in the steady-state model and is slightly smaller, for the most likely observational conditions, in the evolving models. The predictions for (τ_{Ly}�_α/τ_{ion}) furnish in principle another cosmological test but the observed effect is likely to be small.

ii) It has frequently been suggested (cf. Conference on the Instability of Systems of Galaxies 1961) that much or most of the matter required by cosmologies is concentrated as gas inside of clusters of galaxies instead of being distributed uniformly over a cosmological substratum. We shall now show that, if the density of neutral atomic hydrogen is >∼ 10�^{10} cm�^3 inside clusters of galaxies, a number of sharp absorption lines should be detectable in the continuum spectrum of a QSS with z_s > 2, each line being due to Lyman-α absorption in a particular cluster along the line of sight.

We adopt (Allen 1963; Abell 1965) for “typical” clusters containing about 100 galaxies a spatial density η_0 of 10�^3 Mpc�^3 and a cluster radius R_0 of 1.5 Mpc. The total number of clusters in the line of sight between us and a source with z_s = 2.5 is then of the order of 25 (πR^2_0η_0 [c/H] ln [1 + z_s]) in the steady-state model and is of the same order of magnitude (but uncertain because of questions concerning the formation and expansion of clusters) in the evolving models.

The average number of absorption lines that one should see (πR^2_0η_0 [c/H] ln [(1 + z_s) ν_{max}/ν_{res}]) corresponding to the frequency range at the source between the Lyman-α line and the Lyman continuum is about 7 on the steady-state model and is probably of the same order of magnitude for the evolving models. The widths of the absorption lines, due to the Doppler effect, can be estimated from rough guesses for the turbulent velocity, v_0, of the gas in a cluster. We expect v_0 to be comparable with the average dispersion in velocities of galaxies in a cluster (∼ 10^3 km/sec) or somewhat smaller (near v^H_0 ∼ 300 km/sec, the velocity necessary to cross a cluster diameter in a Hubble time). The total widths at halfmaximum are then (for z_a ≈ 2) about 8–24Å in the steady-state model and are uncertain but probably somewhat larger in the evolving models.

The optical depth near the center of an absorption line from a cluster with neutral hydrogen density n_{cl}, is τ_{cl} ∼ (πaf_{res}h̄/m_ev_{res})(c/2v)R_{cl}n_{cl} ∼ (v^H_0 /v_0)(n_{cl}/2 × 10�^{11} cm^2), which reduces to equations (3) and (4) (with n_{cl} replacing n(z_a)) if v = v^H . Clusters occupy locally about 1–2 per cent of space, and “cosmological” amounts of matter concentrated in clusters would require total gas densities of the order of 70 N_0. For the steady-state model with N = 1×10�^5 cm�^3, the theoretically predicted value for n_{cl} is a few times 10�^{10} cm�^3 at T_{max cl} = 10^{+6} ffi K, τ_{cl} ∼ 10 (larger values at lower temperatures) and pronounced absorption lines are predicted. If the region near 3C 9 has total density of the order of N_0 (but densities ∼ 70N_0 in clusters) then T ∼ 10^5 ffi K would be required by the observed value of τ ∼^1_2 near 3C 9; the predicted value of τ_{cl} in this case is ∼ 10^2. Similar conclusions follow for the evolving models (with the predicted values of τ_{cl}, as well as the uncertainties, even larger).

iii) The optical depth to scattering by free electrons (Thomson scattering) is important for distant sources if, as appears likely, much of the matter in the Universe is ionized. One finds (independent of photon frequency and electron temperature for kT and hν much less than m_ec^2)

τ_{SS} = τ_0 ln(1 + z_s), (5a) and τ_{ev} = τ_0 ( 6q^2_0

)�_1 [ (1 + 2q_0z_s)^{3/2} + (6q_0 − 3) (1 + 2q_0z_s)^{1/2} + (2 − 6q_0) ] , (5b)

where τ_0 = 6.5 × 10^3n_{e,0}, and n_{e,0} is the local number of electrons per cm^3 (assumed to satisfy eq. [1]). For 3C 9 (i.e., z_s = 2) and n_{e,0} = 10�^5 cm�^3, one obtains τ_{SS} = 0.07 and τ_{ev}(q_0 =^1_2 ) = 0.2. For very large q_0, one finds τ_{ev} ≈ 0.14(2q_0z_s)^{1/2}(1 + z_s/3).

The fact that the apparent brightness of 3C 9 is at least as large as would be expected for a “normal” QSS (Schmidt 1965) already makes implausible values of q_0 > 5 (i.e., n_{e,0} > 10�^4 cm�^3). Note that Thomson scattering will have to be corrected for in cosmological tests based on observations of apparent brightness versus z_s for large z_s and in calculations of the integrated background radiation (Field and Henry 1964; Kaufman 1965).

iv) If the free electrons (in clusters or the substratum) are not uniformly distributed but instead exhibit density fluctuations, then multiple small-angle scattering by these fluctuations can blur the radio image of a distant source. On the steady-state model (with n_{e,0} = 10�^5 cm�^3) we find for the mean square scattering angle ⟨θ^2⟩ (10�^6 rad)^2 ≈ [ ⟨Δn^2_{e,0}⟩ (10�^5 cm�^3)^2

10�^5 pc a_m ] ln(1 + z_s) 0.5 ( ν 100 Mc/s

)_4 , (6)

where ν is the radio frequency, Δn^2_e is the mean square electron density fluctuation, and a_m is a correlation length for the fluctuations (see eq. [17] of Salpeter and Treiman 1964). The ⟨θ^2⟩ for evolving cosmologies are not precisely determined but must be an increasing function of z_s. The apparent angular size of a given type of radio source decreases with increasing z_s at first (some sizes < 10�^6 rad are known; Hazard 1965) but will reach a minimum value and start to increase when the small-angle scattering becomes important.

We are grateful to Dr. J. Gunn and Mr. Bruce Peterson for private communications which stimulated this investigation. This research was supported in part by NSF Grant GP- 3488 with Cornell University. One of us (JNB) acknowledges additional support by Contract Nonr-220(47) and NASA Grant NGR-05-002-028 at the California Institute of Technology. john n. bahcall e.e. salpeter

September 27, 1965 california institute of technology and center for radiophysics and space research cornell university

REFERENCES

Abell, G. O. 1965, Ann. Rev. of Astr. and Astrophys., 1. Allen, C. W. 1963, Astrophysical Quantities (London: Athlone Press). Bondi, H. 1961, Cosmology (Cambridge: Cambridge University Press). Conference on the Instability of Systems of Galaxies. 1961, A.J., 66, 533. Field, G. B., and Henry, R. C. 1964, Ap. J., 140, 1002. Gould, R. J., and Salpeter, E. E. 1963, Ap. J., 138, 393. Greenstein, J. L. 1964, Ap. J., 140, 666.

Greenstein, J. L., and Schmidt, M. 1964, Ap. J., 140, 1. Gunn, J., and Peterson, B. 1965, Ap. J. (1633). Hazard, C. 1965, private communications. Hoyle, F. 1948, M.N., 108, 372.

Hoyle, F., and Narlikar, J. V. 1962, Proc. R. Soc. London, A270, 334. Kaufman, M. 1965 (in press). Oke, J. B. 1965, Ap. J., 141, 6.

Salpeter, E. E., and Treiman, S. 1964, J. Geophys. Res., 69, 869. Sandage A. 1961a, Ap. J., 133, 355.

. 1961b, ibid., 134, 916.

Savedoff, M. P. 1956, Nature, 178, 689. Schmidt, M. 1965, Ap. J., 141, 1295.

Schmidt, M., and Matthews T. A. 1964, Ap. J., 139, 784. Spitzer, L. 1948, Ap. J., 107, 6.