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19. Cosmic background radiation 119. COSMICBACKGROUNDRADIATIONRevised February 1996 by G.F. Smoot and D. Scott19.1. IntroductionThe observed cosmic microwave background (CMB) radiationprovides strong evidence for the hot big bang. The success ofprimordial nucleosynthesis calculations (see Sec. 16, \Big-bangnucleosynthesis") requires a cosmic background radiation (CBR)characterized by a temperature kT � 1MeV at a redshift of z ' 109.In their pioneering work, Gamow, Alpher, and Herman [1] realizedthis and predicted the existence of a faint residual relic, primordialradiation, with a present temperature of a few degrees. The observedCMB is interpreted as the current manifestation of the hypothesizedCBR.The CMB was serendipitously discovered by Penzias and Wilson [2]in 1965. Its spectrum is well characterized by a 2:73 � 0:01Kblack-body (Planckian) spectrum over more than three decades infrequency (see Fig. 19.1). A non-interacting Planckian distribution oftemperature Ti at redshift zi transforms with the universal expansionto another Planckian distribution at redshift zr with temperatureTr=(1+ zr) = Ti=(1+ zi). Hence thermal equilibrium, once established(e.g. at the nucleosynthesis epoch), is preserved by the expansion, inspite of the fact that photons decoupled from matter at early times.Because there are about 109 photons per nucleon, the transition fromthe ionized primordial plasma to neutral atoms at z � 1000 does notsigni�cantly alter the CBR spectrum [3].
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Figure 19.1: Precise measurements of the CMB spectrum.The line represents a 2.73 K blackbody, which describes thespectrum very well, especially around the peak of intensity.The spectrum is less well constrained at 10 cm and longerwavelengths. (References for this �gure are at the end of thissection under \CMB Spectrum References.")CITATION: L. Montanet et al., Physical Review D50, 1173 (1994) and 1995 o�-year partial update for the1996 edition available on the PDG WWW pages (URL: http://pdg.lbl.gov/) March 1, 1996 09:28
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Figure 19.2: The shapes of expected, but so far unobserved,CMB distortions, resulting from energy-releasing processes atdi�erent epochs.19.2. Theoretical spectral distortionsThe remarkable precision with which the CMB spectrum is �ttedby a Planckian distribution provides limits on possible energy releasesin the early Universe, at roughly the fractional level of 10�4 of theCBR energy, for redshifts . 107 (corresponding to epochs & 1 year).The following three important classes of spectral distortions (seeFig. 19.2) generally correspond to energy releases at di�erent epochs.The distortion results from the CBR photon interactions with a hotelectron gas at temperature Te.19.2.1. Compton distortion: Late energy release (z. 105).Compton scattering (e ! 0e0) of the CBR photons by a hotelectron gas creates spectral distortions by transfering energy from theelectrons to the photons. Compton scattering cannot achieve thermalequilibrium for y < 1, wherey = Z z0 kTe(z0)� kT(z0)mec2 �T ne(z0) c dtdz0 dz0 ; (19:1)is the integral of the number of interactions, �T ne(z) c dt, times themean-fractional photon-energy change per collision [4]. For Te � Ty is also proportional to the integral of the electron pressure nekTealong the line of sight. For standard thermal histories y < 1 for epochslater than z ' 105.The resulting CMB distortion is a temperature decrement�TRJ = �2y T (19:2)in the Rayleigh-Jeans (h�=kT � 1) portion of the spectrum, anda rapid rise in temperature in the Wien (h�=kT � 1) region,March 1, 1996 09:28



19. Cosmic background radiation 3i.e. photons are shifted from low to high frequencies. The magnitudeof the distortion is related to the total energy transfer [4] �E by�E=ECBR = e4y � 1 ' 4y : (19:3)A prime candidate for producing a Comptonized spectrum is a hotintergalactic medium. A hot (Te > 105K) medium in clusters ofgalaxies can and does produce a partially Comptonized spectrum asseen through the cluster, known as the Sunyaev-Zel'dovich e�ect.Based upon X-ray data, the predicted large angular scale totalcombined e�ect of the hot intracluster medium should producey. 10�6 [5].19.2.2. Bose-Einstein or chemical potential distortion: Earlyenergy release (z � 105{107). After many Compton scatterings(y > 1), the photons and electrons will reach statistical (notthermodynamic) equilibrium, because Compton scattering conservesphoton number. This equilibrium is described by the Bose-Einsteindistribution with non-zero chemical potential:n = 1ex+�0 � 1 ; (19:4)where x � h�=kT and �0 ' 1:4 �E=ECBR, with �0 being thedimensionless chemical potential that is required.The collisions of electrons with nuclei in the plasma producefree-free (thermal bremsstrahlung) radiation: eZ ! eZ. Free-freeemission thermalizes the spectrum to the plasma temperature at longwavelengths. Including this e�ect, the chemical potential becomesfrequency-dependent,�(x) = �0e�2xb=x ; (19:5)where xb is the transition frequency at which Compton scatteringof photons to higher frequencies is balanced by free-free creation ofnew photons. The resulting spectrum has a sharp drop in brightnesstemperature at centimeter wavelengths [6]. The minimum wavelengthis determined by 
B .The equilibrium Bose-Einstein distribution results from the oldestnon-equilibrium processes (105 < z < 107), such as the decay of relicparticles or primordial inhomogeneities. Note that free-free emission(thermal bremsstrahlung) and radiative-Compton scattering e�ectivelyerase any distortions [7] to a Planckian spectrum for epochs earlierthan z � 107.19.2.3. Free-free distortion: Very late energy release (z � 103).Free-free emission can create rather than erase spectral distortion inthe late universe, for recent reionization (z < 103) and from a warmintergalactic medium. The distortion arises because of the lack ofComptonization at recent epochs. The e�ect on the present-day CMBspectrum is described by�Tff = T Yff=x2; (19:6)where T is the undistorted photon temperature, x is the dimensionlessfrequency, and Yff=x2 is the optical depth to free-free emission:Yff = Z z0 Te(z0) � T (z0)Te(z0) 8�e6h2n2e g3me(kT )3 p6�me kTe dtdz0dz0 : (19:7)Here h is Planck's constant, ne is the electron density and g is theGaunt factor [8]. March 1, 1996 09:28
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19. Cosmic background radiation 5It is customary to express the CMB temperature on the sky in aspherical harmonic expansion,T (�; �) = X̀m a`mY`m(�; �) ; (19:8)and to discuss the various multipole amplitudes. The power at a givenangular scale is roughly `Pm ja`mj2 =4�, with ` � 1=�.19.3.1. The dipole: The largest anisotropy is in the ` = 1(dipole) �rst spherical harmonic, with amplitude at the level of�T=T = 1:23� 10�3. The dipole is interpreted as the result of theDoppler shift caused by the solar system motion relative to the nearlyisotropic blackbody �eld. The motion of the observer (receiver) withvelocity � = v=c relative to an isotropic Planckian radiation �eld oftemperature T0 produces a Doppler-shifted temperatureT (�) = T0(1� �2)1=2=(1� � cos �)= T0 �1 + � cos � + (�2=2) cos 2� + O(�3)� : (19:9)The implied velocity [11,14] for the solar-system barycenter is � =0:001236�0:000002 (68% CL) or v = 371�0:5 kms�1, assuming a valueT0 = 2:728�0:002K, towards (�; �) = (11:20h�0:01h;�7:0��0:2�), or(`; b) = (264:14� � 0:15�; 48:26�� 0:15�). Such a solar-system velocityimplies a velocity for the Galaxy and the Local Group of galaxiesrelative to the CMB. The derived velocity is vLG = 627� 22 kms�1toward (`; b) = (276� � 3�; 30� � 3�), where most of the error comesfrom uncertainty in the velocity of the solar system relative to theLocal Group.The Doppler e�ect of this velocity and of the velocity of the Eartharound the Sun, as well as any velocity of the receiver relative to theEarth, is normally removed for the purposes of CMB anisotropy study.The resulting high degree of CMB isotropy is the strongest evidencefor the validity of the Robertson-Walker metric.19.3.2. The quadrupole: The rms quadrupole anisotropy amplitudeis de�ned through Q2rms=T 2 = Pm ja2mj2 =4�. The current estimateof its value is 4�K � Qrms � 28�K for a 95% con�dence interval [15].The uncertainty here includes both statistical errors and systematicerrors, which are dominated by the e�ects of galactic emissionmodelling. This level of quadrupole anisotropy allows one to setprecise limits on anisotropic expansion, shear, and vorticity; all suchdimensionless quantities are constrained to be less than about 10�5.19.3.3. Smaller angular scales: The COBE-discovered [16] higher-order (` > 2) anisotropy is interpreted as being the result ofperturbations in the energy density of the early Universe, manifestingthemselves at the epoch of the CMB's last scattering. Hence thedetection of these anisotropies has provided evidence for the existenceof the density perturbations that seeded all the structure we observetoday.In the standard scenario the last scattering takes place at a redshiftof approximately 1100, at which epoch the large number of photonswas no longer able to keep the hydrogen su�ciently ionized. TheMarch 1, 1996 09:28
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1=2tot ).The primary mode of evolution is through adiabatic (acoustic)oscillations, leading to a series of peaks that encode information aboutthe perturbations and geometry of the universe, as well as informationon 
0, 
B , 
� (cosmological constant), and H0 [17]. The locationof the �rst acoustic peak is predicted to be at ` � 220 
�1=2tot or� � 0:3� 
1=2tot and its amplitude increases with increasing 
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19. Cosmic background radiation 7Theoretical models often predict a power spectrum in sphericalharmonic amplitudes, since the models lead to primordial uctuationsand thus a`m that are Gaussian random �elds, and hence thepower spectrum in ` is su�cient to characterize the results. Thepower at each ` is (2` + 1)C`=(4�), where C` � 
ja`mj2�. For anidealized full-sky observation, the variance of each measured C` is[2=(2` + 1)]C 2̀. This sampling variance (known as cosmic variance)comes about because each C` is chi-squared distributed with (2` + 1)degrees of freedom for our observable volume of the Universe [18].Figure 19.5 shows the theoretically predicted anisotropy powerspectrum for a sample of models, plotted as `(` + 1)C` versus `which is the power per logarithmic interval in ` or, equivalently,the two-dimensional power spectrum. If the initial power spectrumof perturbations is the result of quantum mechanical uctuationsproduced and ampli�ed during ination, then the shape of theanisotropy spectrum is coupled to the ratio of contributions fromdensity (scalar) and gravity wave (tensor) perturbations. If theenergy scale of ination at the appropriate epoch is at the level of' 1016GeV, then detection of the e�ect of gravitons is possible, as wellas partial reconstruction of the inaton potential. If the energy scaleis . 1014GeV, then density uctuations dominate and less constraintis possible.
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8 19. Cosmic background radiationperturbation power spectrum P (k) / kn). The full 4-year COBEDMR data give hQi = 15:3+3:7�2:8 �K, after projecting out the slopedependence, while the best-�t slope is n = 1:2 � 0:3, and fora pure n = 1 (scale-invariant potential perturbation) spectrumhQi (n = 1) = 18 � 1:6�K [15,21]. The conventional notation issuch that hQi2 =T 2 = 5C2=4�. The uctuations measured by otherexperiments can also be quoted in terms of Qat, the equivalentvalue of the quadrupole for a at (n = 1) spectrum, as presented inFig. 19.4.It now seems clear that there is more power at sub-degree scales thanat COBE scales, which provides some model-dependent informationon cosmological parameters [17,22], for example 
B . In terms of suchparameters, �ts to the COBE data alone yield 
0 > 0:34 at 95%CL [23] and 
tot < 1:5 also at 95% CL [24], for inationary models.Only somewhat weak conclusions can be drawn based on the currentsmaller angular scale data (see Fig. 19.4). A sample preliminary�t [25] �nds 
tot = 0:7+1:0�0:4 and 30 < H0 < 70 kms�1Mpc�1 for alimited range of cosmological models.However, new data are being acquired at an increasing rate, witha large number of improved ground- and balloon-based experimentsbeing developed. It appears that we are not far from being able todistinguish crudely between currently favored models, and to begina more precise determination of cosmological parameters. A vigoroussuborbital and interferometric program could map out the CMBanisotropy power spectrum to about 10% accuracy and determineseveral parameters at the 10 to 20% level in the next few years.Ultimately, on the scale of a perhaps 5{10 years, there is the prospectof another satellite mission which could provide a precise measurementof the power spectrum down to scales of 10 arcminutes, allowing us todecode essentially all of the information that it contains [26].References:1. R.A. Alpher and R.C. Herman, Physics Today, Vol. 41, No. 8,p. 24 (1988).2. A.A. Penzias and R. Wilson, Astrophys. J. 142, 419 (1965);R.H. Dicke, P.J.E. Peebles, P.G. Roll, and D.T. Wilkinson,Astrophys. J. 142, 414 (1965).3. P.J.E. Peebles, \Principles of Physical Cosmology," Princeton U.Press, p. 168 (1993).4. R.A. Sunyaev and Ya.B. Zel'dovich, Ann. Rev. Astron. Astrophys.18, 537 (1980).5. M.T. Ceballos and X. Barcons, MNRAS 271, 817 (1994).6. C. Burigana, L. Danese, and G.F. De Zotti, Astron. & Astrophys.246, 49 (1991).7. L. Danese and G.F. De Zotti, Astron. & Astrophys. 107, 39(1982);G. De Zotti, Prog. in Part. Nucl. Phys. 17, 117 (1987).8. J.G. Bartlett and A. Stebbins, Astrophys. J. 371, 8 (1991).9. E.L. Wright et al., Astrophys. J. 420, 450 (1994).10. W. Hu and J. Silk, Phys. Rev. Lett. 70, 2661 (1993).11. D.J. Fixsen et al., Astrophys. J., in press (1996).12. J.C. Mather et al., Astrophys. J. 420, 439 (1994).March 1, 1996 09:28
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