18. Dark matter 1 18. DARK MATTER

Revised Sep. 1999 by M. Srednicki (University of California, Santa Barbara).

The total mass-energy of the Universe is composed of several constituents, each of which may be characterized by its energy density ρi ≡ Ωiρc and its pressure pi ≡ wiρi. Here ρc ≡ 3H20 /8πGN is the critical density, and H0 is the present value of the Hubble parameter. We will take H0 = 70 km s�1 Mpc�1 when a numerical value is needed; then ρc = 5.2 × 10�6 GeV/cm3. We can express the total density as ρ0 = Ω0ρc, where Ω0 = Pi Ωi. The deceleration parameter q0 ≡ (R̈/R)0/H20 , where R(t) is the scale factor and the subscript 0 denotes the present value, is then given by q0 = 12 Ω0 + 32 Pi Ωiwi.

In general, relativistic particles have an equation of state specified by w = + 13 , nonrelativistic particles have w = 0, and the cosmological constant (here treated as another form of matter) has w = −1. Spatially uniform scalar fields which are oscillating rapidly in time (that is, with a frequency much greater than the Hubble parameter H0) also have w = 0. Spatially uniform scalar fields which are changing slowly in time have −1 < w < 0. Certain contributions to the mass density are well determined. The photons of the cosmic microwave background radiation (CMB) have ργ = π^215 T 40 , where T0 = 2.73 K = 2.35 × 10�4 eV is the present temperature of the CMB; this yields Ωγ = 5.1 × 10�5. Results from Big-Bang nucleosynthesis indicate that the total baryon density is in the range 0.008 < Ωb < 0.043; of this, roughly 0.004 is accounted for by stars. A single species of neutrino with a Majorana mass mν would have Ων = 0.56 GNT 30 H�20 mν = mν/(45 eV) and wν = 0 if mν ≫ T0, and Ων = 0.23 Ωγ and wν = 13 if mν ≪ T0.

There is strong evidence from a variety of different observations for a large amount of dark matter in the Universe [1,2,3,4]. The phrase “dark matter” signifies matter whose existence has been inferred only through its gravitational effects. Two categories should be distinguished: baryonic dark matter, composed of baryons which are not seen (including black holes formed by stellar collapse), and nonbaryonic dark matter, composed either of massive neutrinos, or of elementary particles or fields which are as yet undiscovered (including primordial black holes). The particles or fields which comprise nonbaryonic dark matter must have survived from the Big Bang, and therefore must either be stable or have lifetimes in excess of the current age of the Universe.

There are a number of different observations which indicate the presence of dark matter (baryonic or nonbaryonic). These observations include rotation curves of spiral galaxies [5], which indicate that individual galaxies have halos of dark matter whose density falls off as 1/r2 at large distances r from the galaxy’s center. In our own Galaxy, estimates of the local density of dark matter typically give ρdm ≃ 0.3 GeV/cm3, but this result depends sensitively on how the dark-matter halo is modeled.

CITATION: C. Caso et al., European Physical Journal C3, 1 (1998)

1999 partial update for 2000 edition available on the PDG WWW pages (URL: http://pdg.lbl.gov/) October 20, 1999 13:47

2 18. Dark matter

An estimate of the total pressureless matter density Ωm (that is, of all components, baryonic and nonbaryonic, with wi = 0) can be made from studies of rich clusters of galaxies. The baryonic mass of a cluster can be inferred from X-ray emissions, and the total mass from galactic velocities (via the virial theorem) or gas dynamics [6]. Assuming that the ratio of these masses is typical of the Universe as a whole, we obtain the value of Ωm/Ωb. Using the nucleosynthesis value of Ωb then yields Ωm = 0.4 ± 0.1. This is at least roughly consistent with a number of other estimates of Ωm, such as from mass-to-light ratios for clusters [7] and from large-scale velocity fields [8]. This value of Ωm would imply that 90% of the pressureless matter in the Universe is nonbaryonic.

An estimate of the total density Ω0 can be made from fluctuations in the CMB (see Section 15 on “Big-Bang Cosmology” in this Review). The first acoustic peak in the power spectrum of these fluctuations is predicted to occur at a multipole ℓ ∼ 220 Ω�1/20 ; current data yields Ω0 ∼ 0.8 ± 0.2 [9]. This is consistent with the generic prediction Ω0 = 1 of inflationary models.

Type Ia supernovae can be used as standard candles to get information on the relationship between redshift and distance [10]. If we assume that the dominant contributions to Ω0 are from pressureless matter and an unknown component X, then the results require wX < −0.6 (at the 95% CL, ignoring any systematic errors). Assuming wX = −1 (a cosmological constant), the results constrain the combination 0.8 Ωm −0.6 ΩX to be −0.2 ± 0.1.

None of these observations give us any direct indication of the nature of the dark matter. The halos of galaxies could have significant fractions of baryonic dark matter in the form of remnants (white dwarfs, neutron stars, black holes) of an early generation of massive stars, or smaller objects which never initiated nuclear burning (and would therefore have masses less than about 0.1 Mfi). These massive compact halo objects are collectively called MACHOs. Results from searches via gravitational lensing effects [11] show that MACHOs with masses from 10�6 Mfi to 0.1 Mfi each are not a significant component of our Galaxy’s halo. However, the results also indicate that MACHOs with masses of approximately 0.5 Mfi each comprise roughly half the total mass of the halo. This situation is difficult to reconcile with models of star formation.

For purposes of galaxy formation models [12], nonbaryonic dark matter is classified as “hot” or “cold,” depending on whether the dark matter particles were relativistic or nonrelativistic at the time when the horizon of the Universe enclosed enough matter to form a galaxy. If the dark matter particles are in thermal equilibrium with the baryons and radiation, then only the mass of a dark matter particle is relevant to knowing whether the dark matter is hot or cold, with the dividing line being mdm ∼ 1 keV. In addition, specifying a model requires giving the power spectrum of initial density fluctuations. Inflationary models generically predict a power spectrum which is nearly scale invariant. With these inputs, galaxy formation models require primarily cold dark matter, with significantly less hot dark matter. However, either a negative-pressure component or some hot dark matter is needed in addition to cold dark matter. For example, a model with Ωcdm = 0.3, Ωhdm = 0, ΩX = 0.7 and wX = −0.6 gives a good fit to all current data [13].

18. Dark matter 3

There is a constraint on neutrinos (or any light fermions) if they are to comprise the halos of dwarf galaxies: the Fermi–Dirac distribution in phase space restricts the number of neutrinos that can be put into a halo [14], and this implies a lower limit on the neutrino mass of roughly mν > 80 eV.

There are no presently known particles which could be cold dark matter. However, many proposed extensions of the Standard Model predict a stable (or sufficiently long lived) particle. The key question then becomes the predicted value of Ωcdm.

If the particle is its own antiparticle (or there are particles and antiparticles present in equal numbers), and these particles were in thermal equilibrium with radiation at least until they became nonrelativistic, then their relic abundance is determined by their annihilation cross section σann: Ωcdm ∼ G3/2N T 30 H�20 ⟨σannvrel⟩�1. Here vrel is the relative velocity of the two incoming dark matter particles, and the angle brackets denote an averaging over a thermal distribution of velocities for each at the freeze-out temperature Tfr when the dark matter particles go out of thermal equilibrium with radiation; typically Tfr ≃ 120 mdm. One then finds (putting in appropriate numerical factors) that Ωcdm ≃ 7 × 10�27 cm3 s�1/⟨σannvrel⟩. The value of ⟨σannvrel⟩ needed for Ωcdm ≃ 1 is remarkably close to what one would expect for a weakly interacting massive particle (WIMP) with a mass of mdm = 100 GeV: ⟨σannvrel⟩ ∼ α2/8πm2dm ∼ 3 × 10�27 cm3 s�1.

If the dark matter particle is not its own antiparticle, and the number of particles minus antiparticles is conserved, then an initial asymmetry in the abundances of particles and antiparticles will be preserved, and can give relic abundances much larger than those predicted above.

If the dark matter particles were never in thermal equilibrium with radiation, then their abundance today must be calculated in some other way, and will in general depend on the precise initial conditions which are assumed.

The two best known and most studied cold dark matter candidates are the neutralino and the axion. The neutralino is predicted by the Minimal Supersymmetric extension of the Standard Model (MSSM) [15,16]. It qualifies as a WIMP, with a theoretically expected mass in the range of tens to hundreds of GeV. The axion is predicted by extensions of the Standard Model which resolve the strong CP problem [17]. Axions can occur in the early universe in the form of a Bose condensate which never comes into thermal equilibrium. The axions in this condensate are always nonrelativistic, and can be a significant component of the dark matter if the axion mass is approximately 10�5 eV. Axions can also arise from the decay of a network of axion strings and domain walls.

There are prospects for direct experimental detection of both these candidates (and other WIMP candidates as well). WIMPs will scatter off nuclei at a calculable rate, and produce observable nuclear recoils [2,16,19]; current data excludes certain regions of parameter space of the MSSM. Axions can be detected by axion to photon conversion in a microwave cavity in a strong magnetic field, and limits on the allowed axion-photon coupling have been set [18].

WIMP candidates can have indirect signatures as well, via present day annihilations into particles which can be detected as cosmic rays. The most promising possibility arises from the fact that WIMPs collect at the centers of the sun and the earth, thus greatly

4 18. Dark matter

increasing their annihilation rate, and producing high energy neutrinos which can escape and arrive at the earth’s surface in potentially observable numbers [16,20]. References:

1. V. Trimble, Ann. Rev. Astron. Astrophys. 25, 425 (1987). 2. B. Sadoulet, Rev. Mod. Phys. 71, S197 (1999). 3. M.S. Turner and J.A. Tyson, Rev. Mod. Phys. 71, S145 (1999). 4. N.A. Bahcall et al., Science 284, 1481 (1999).

5. M. Persic, P. Salucci and F. Stel, Mon. Not. Roy. Astron. Soc. 281, 27 (1996). 6. A.E. Evrard, Mon. Not. Roy. Astron. Soc. 292, 289 (1997). 7. R.G. Carlberg et al., Astrophys. J. 516, 552 (1999). 8. A. Dekel, Ann. Rev. Astron. Astrophys. 32, 371 (1994);

M.A. Strauss and J.A. Willick, Phys. Reports 261, 271 (1995); A. Dekel, in Formation of Structure in the Universe, ed. A. Dekel and J.P. Ostriker (Cambridge, New York, 1999).

9. C.H. Lineweaver, Astrophys. J. 505, L69 (1998). 10. S. Perlmutter et al., Astrophys. J. 483, 565 (1997);

B.P. Schmidt et al., Astrophys. J. 507, 46 (1998); A.G. Riess et al., Astron. J. 116, 1009 (1998); P.M. Garnavich et al., Astrophys. J. 509, 74 (1998); S. Perlmutter et al., Astrophys. J. 517, 565 (1999).

11. W. Sutherland, Rev. Mod. Phys. 71, S421 (1999). 12. S. Dodelson, E.I. Gates, and M.S. Turner, Science 274, 69 (1996);

J.R. Primack, in Formation of Structure in the Universe, ed. A. Dekel and J.P. Ostriker (Cambridge, New York, 1999).

13. M.S. Turner and M. White, Phys. Rev. D56, R4439 (1997);

S. Perlmutter, M.S. Turner, and M. White, Phys. Rev. Lett. 83, 670 (1999). 14. S. Tremaine and J. E. Gunn, Phys. Rev. Lett. 42, 407 (1979);

O. E. Gerhard and D. N. Spergel, Astrophys. J. 389, L1 (1992). 15. H.E. Haber and G.L. Kane, Phys. Reports 117, 75 (1985). 16. G. Jungman, M. Kamionkowski, and K. Griest, Phys. Reports 267, 195 (1996). 17. M.S. Turner, Phys. Reports 197, 67 (1990);

Axions ’98, ed. P. Sikivie, Nucl. Phys. B (Proc. Supp.) 72 (1999). 18. C. Hagmann et al., Phys. Rev. Lett. 80, 2043 (1998).

19. J.R. Primack, B. Sadoulet, and D. Seckel, Ann. Rev. Nucl. and Part. Sci. 38, 751 (1988);

P.F. Smith and J.D. Lewin, Phys. Reports 187, 203 (1990); TAUP 97, ed. A. Bottino et al., Nucl. Phys. B (Proc. Supp.) 70 (1999).

20. F. Halzen, Nucl. Phys. B (Proc. Supp.) 77, 474 (1999).