PUPT-1471 June 1994 CDM COSMOGONY IN AN OPEN UNIVERSE

BHARAT RATRA Joseph Henry Laboratories, Department of Physics, Princeton University, Princeton, NJ 08544, USA

ABSTRACT

We summarize a computation of the cosmological inhomogeneities that are produced by quantum-mechanical fluctuations during an early epoch of inflation in a lowdensity cold dark matter model with open spatial sections. At Ω_0 ∼ 0.3 – 0.4 and h = 0.65, the results are observationally encouraging, and indicate that the low-density open model deserves more careful scrutiny.

1. Introduction

The COBE-DMR discovery^1, and the confirmation through a cross-correlation analysis with the FIRS data^2, of a large-scale cosmic background radiation (CBR) anisotropy a factor of^>_∼ 2 larger than what had been predicted in the scale-invariant, biased, cold dark matter (CDM) dominated, spatially-flat model (after normalizing to small-scale observational data at ∼ 8h^{−1}Mpc, where the present value of the Hubble parameter H_0 = 100h km s^{−1}Mpc^{−1}), has been further strengthened by refined analysis of more COBE data^3, and by an analysis of the FIRS autocorrelation data^4.

While the details are still under debate, it seems reasonable to believe that this result will join the growing list of observational evidence that argues against a scaleinvariant spatially-flat CDM model. This list of observations would include: dynamical mass estimates on length scales^<_∼ 10h^{−1}Mpc which indicate^5 a low value for the clustered mass density parameter Ω_0 = 0.2±0.1 (consistent with what is deduced^6 from rich cluster X-ray emission and standard nucleosynthesis); measurements^7 of the Hubble parameter which are consistent with h > 0.6 and globular cluster age estimates which suggest^8 an age of the universe t_0 > 12Gyr; and measurements^9 of large-scale mass fluctuations which seem to prefer Ω_0h ∼ 0.1 to 0.3 for a scale-invariant CDM spectrum. We emphasize that some of these are still preliminary observational suggestions, and that on scales^>_∼ 20h^{−1}Mpc the IRAS/POTENT analysis^{10} suggests

Ω_0 ≈ 1, although redshift surveys^{11} on these and slightly smaller scales are also

consistent with lower Ω_0.

The COBE CBR measurement could be consistent with the small-scale biasing needed in the Ω_0 = 1 spatially-flat model, if the primordial spectrum was ‘tilted’^{12}, or in the mixed dark matter (MDM) scenario^{13}. For these models to remain viable, improved estimates of h and t_0 must result in a value for ht_0 that differs from what is now generally thought to be preferred. These models are consistent with the IRAS/POTENT result and with measurements^9 of large-scale mass fluctuations.

Since small-scale mass fluctuations in these models are suppressed (either by the tilting of the primordial spectrum, or by the streaming of the hot component), they form structure late^{14}. Since gravity does not have much time to gather mass around recently formed structures like galaxies and clusters, it is conceivable that the mass distribution around such objects is not representative of the global distribution, and it is not inconceivable that it might not be that far from what is inferred from small-scale dynamics.

However, because of late structure formation, and the rapid evolution of structure in a high Ω_0 universe^{15}, the tilted CDM and MDM models would seem to have a problem explaining observational evidence^{16} which suggests that giant galaxies have not significantly evolved since redshift z ∼ 1. Also, since clusters form almost at the present epoch in these models, one would expect that regions at z = 1 in which galaxies are clustered^{17} are extremely rare. There are also indications^{18} that the MDM model has difficulty accounting for the damped Lyα systems seen^{19} at

z = 2 to 4 (which are thought to be young galaxies).

Lowering Ω_0 is an alternate way of accommodating both the large-scale CBR data and the small-scale clustering data. Isocurvature perturbations^{20,21} in an open or cosmological constant (Λ)-dominated flat model are a possibility, as are topological defects in an open universe^{22}. Adiabatic perturbations in a low-density open or Λ-dominated flat model could also reconcile the small-scale observations with the COBE and FIRS measurements.

Given the uncertainties, all these low-density models are consistent^{23,9} with the dynamical mass estimates on small scales, with the range of ht_0 that is indicated by current observations, and, given an appropriate spectrum of density fluctuations, with the measurements of large-scale mass fluctuations. For these models to remain viable, refinements of the IRAS/POTENT analysis will need to find a lower Ω_0, more in line with the estimates from large-scale redshift surveys. Structure forms earlier in the low-density models, so they seem to be consistent with the current interpretation of high redshift observations.

Some people interpret the possible clash between the baryon density predicted by standard nucleosynthesis^{24} and the mass density inferred from small-scale dynamical estimates as being indicative of the presence of CDM. In any case, in the adiabatic scenario it has proved difficult to find a purely baryonic model (i.e., excluding baryons bound up in compact objects which behave like CDM) that is consistent with the observations, so attention has focussed on low-density CDM models.

There is a version of the inflation scenario, in which a single-bubble open inflation model is created by a tunnelling event in a spatially-flat de Sitter spacetime which is also inflating^{25}. In this model, the first, de Sitter, epoch of inflation smooths away preexisting irregularities. For the second epoch of inflation there are three sources of inhomogeneities, all quantum-mechanical in nature: fluctuations, created during the tunnelling event, in the initial spatial hypersurface of the bubble; fluctuations in the first epoch of inflation that eventually come into the bubble; and the more familiar ones generated on small scales inside the bubble. The first epoch of inflation is important, since it gets rid of most fluctuations, and in particular, those on the scale set by space curvature in the second epoch of inflation, which, if large, would result in unacceptable^{26} large-scale CBR anisotropies. (Since the energy-density difference between the false and true vacuum is very small^{25}, the bubble walls are not very significant.) A variant of this open inflation scenario could accommodate a low-density open model^{27,28}.

In such an open inflation model, it is not implausible that the inhomogeneities generated by the first two mechanisms are subdominant. Standard techniques allow one to compute the spectrum of energy-density perturbations generated by quantum-mechanical fluctuations during the second epoch of inflation^{29,30,27}. On large scales the form of the spectrum depends on both the Hubble length scale and that set by space curvature. For a relatively flat potential, this spectrum is the open model generalization of the familiar scale-invariant^{31} spectrum of the flat model, and, because of the dependence on space curvature, is somewhat more complicated than the spectra used previously in open model computations of the CBR anisotropy^{32}.

In the next section we summarize the computation of the open inflation model spectrum, and mention some possibly observable consequences of such a spectrum, and in the last section we conclude by considering the possibility of observationally distinguishing between the low-density open and Λ-dominated flat models.

2. The Open Model

For ease of physical interpretation, the computation of energy-density perturbations generated by quantum-mechanical fluctuations during the second epoch of inflation is done in the standard synchronous gauge approach^{33,34,35,30,27}. (We prefer to use this method rather than the gauge-invariant formalism^{36}.)

The model we consider is divided into three epochs: an early scalar field inflation epoch, and the more familiar late-time radiation and nonrelativistic matter epochs. During inflation the inflaton scalar field Φ potential is

V (Φ) = 12h̄^2[1 − ϵΦ], (1)

where the first term, 12h̄^2, drives the expansion during inflation, and the second term, ∝ ϵ, forces Φ ‘down the hill’. At reheating, V (Φ) drops to zero, and the Φ energy density is converted to radiation energy density^{37}. The equation of state is also assumed to change instantaneously at the radiation-matter transition^{37}.

We compute to linear order in the matter and metric perturbations about a spatially homogeneous open cosmological model, and during inflation we also use a perturbation expansion in ϵ, working to lowest nontrivial order^{38}. The constants of integration in the general solutions during inflation are determined from quantum-mechanical initial conditions^{39,30,27}, and those in the radiation epoch and nonrelativistic matter epoch solutions are determined from joining conditions at the transitions^{37,27}.

For a preliminary comparison to large-scale structure data, it is convenient to transform theoretical expressions to the instantaneously Newtonian synchronous hypersurface on which the observations are made^{35}. The fractional energy density perturbation (δ) power spectrum on this hypersurface, ^P (A, t̂_N ) = |δ̂(A, t̂_N )|^2, is given by^{27,28}, at the present time (and neglecting the transfer function),

ϵ^2 (1 + z_{re})^4 ^P (A) = 2π ( H_0 m_p )_2

Ω_0 1 + z_{eq} ( W_1 c_1

)_2 (4 + A^2)^2(e_1 + A^2)^2 A(1 + A^2)(d_1 + A^2)^2

, (2)

where the radial coordinate wavenumber A (0 < A < ∞) is related to the eigenvalue of the scalar spatial Laplacian, −(A^2 + 1), z_{re} and z_{eq} are the redshifts of reheating and equal radiation and matter energy densities, m_p = G^{−1/2} is the Planck mass,

d_1 = (8 + Ω_0)/[2(1 − Ω_0)], e_1 = 1 + 3c_1/W_1, and

W_1 c_1 = 2(1 − Ω_0) 45Ω_0^{1.5}(1 + z_{eq})^{2.5} + 1 + 2Ω_0 1 − Ω_0 + 3Ω_0 (1 − Ω_0)^{1.5} ln { 1 √ Ω_0 − √ 1 − Ω_0

Ω_0 } . (3)

At large wavenumber ^P (A) ∝ A (the usual scale-invariant spectrum^{31}), while at small wavenumber ^P (A) ∝ A^{−1}. This large-scale asymptotic behaviour of the power spectrum is mostly a consequence of space curvature.

The model is normalized to the COBE measurement of rms CBR temperature anisotropy at 10^∘, δT (10^∘) = 35(1±0.3)μK (since this number must account^{40} for the effects of monopole- and dipole-subtraction corrections and for using a gaussian rather than the real DMR beam shape, it is a little larger than the quoted COBE value^3). The computation of δT in the model is done in the gauge-invariant formalism^{41}, which takes as input the gauge-invariant fractional energy density perturbation (Δ) power spectrum P_Δ(A, t) = |Δ(A, t)|^2. At the present epoch this is given by^{27,42},

ϵ^2 (1 + z_{re})^4

P_Δ(A) = 2π ( H_0 m_p )_2 Ω_0 1 + z_{eq} ( W_1 c_1

)_2 (4 + A^2)^2 A(1 + A^2)

. (4)

This has the same asymptotic behaviour (in A) as ^P (A), Eq. (2), and the wavenumber dependence of P_Δ(A) is consistent^{43} with what may be derived from the expressions given in Ref. 29.

Both ^P (A) and P_Δ(A) are proportional to 1/ϵ^2, so an observational upper bound can only impose a lower bound on ϵ, the slope of the inflation epoch scalar field potential^{35,38,44}.

The CBR anisotropy in comoving coordinates, δT/T = ∑ l,m a^m_l Y^m_l , may be char-

acterized by the multipole moments C_l = ⟨|a^m_l |^2⟩. The C_l have been evaluated to

l = 100 in Ref. 45 and to l = 2000 in Ref. 42. The shape of the C_l at low l is

determined by the damping of the spatial harmonics on scales comparable to that of space curvature, and the asymptotic 1/A behaviour of the power spectrum, which is also a consequence of space curvature.

Other interesting consequences of these two effects of space curvature are the second zero in the mass two-point correlation function at separation ∼ 1300h^{−1}Mpc for the relevant range of Ω_0, and the strong damping of two-point correlation functions of observables at separations comparable to that of space curvature^{27,28}.

Depending on the 10^∘ CBR anisotropy, when Ω_0 ∼ 0.3 – 0.4 and h = 0.65, the open model appears to do reasonably well at fitting a fair fraction of the current observations^{28,42}.

3. Discussion

Low-density open and Λ-dominated flat CDM models^{23,9,28,42,46} provide a fairly reasonable explanation for a significant fraction of current observational data.

At the level of global parameters of the cosmological model, at fixed Ω_0 and t_0, a larger value of h favours the Λ-dominated case. For the versions under discussion now, the two low-density models have significantly different values of the global parameters, so better observational constraints on the values of Ω_0, h and t_0 are likely to prove quite useful.

With the COBE CBR normalization, and the same Ω_0, the Λ-dominated model has a somewhat larger rms fluctuation δM/M in the mass in a sphere of radius

8h^{−1}Mpc than does the open case. (At Ω_0 = 0.3, the P_Δ(A) ∝ A open case^{32} has a δM/M(8h^{−1}Mpc) that is ∼ 25% larger than the open model considered here.) With

an appropriate choice of parameters, and given the uncertainties, (mildly) biased versions of both models are not inconsistent with most low redshift observations, including the large-scale matter distribution^9, and the cluster mass and correlation functions^{47}.

At the same value of Ω_0, the open model predicts a lower rate of gravitational lensing of quasars by moderate-redshift foreground galaxies than does the Λ-dominated case^{48}. The interpretation of the gravitational lensing constraint is complicated by the fact that obscuration by dust in the lensing galaxies might be significant^{49}, and that in the flat model one predicts^{50} a very different rate of lensing for the same present value of a constant Λ and a time-variable Λ.

The large-scale CBR anisotropies in the models are not completely dissimilar^{45}, although in both cases they do differ from that in the scale-invariant Einstein-de Sitter model, so it would be difficult to use just the large-scale CBR anisotropy data to distinguish between the two low-density models. For the range of values of Ω_0 now under discussion, the position of the small-scale peak (in l(l + 1)C_l as a function of l) is more sensitive to Ω_0 in the open case^{51} than it is in the flat Λ-dominated model^{46}. This might help to distinguish between the models, but the weaker dependence on

Ω_B , h, and ionization history, and the current limited observational resolution in l,

should be kept in mind. Eventually, with a better understanding of the systematics of the CBR anisotropy observations, and with improved statistics, a combination of different CBR measurements should be able to distinguish between the two lowdensity cases.

The COBE CBR normalized Λ-dominated flat CDM model is consistent with a somewhat smaller Ω_0 and a somewhat larger δM/M(8h^{−1}Mpc), compared to the corresponding open case. As a result, structure forms a little earlier in the Λdominated model compared to the open model, and much earlier in both low-density cases than in the MDM and tilted CDM flat cases. It is not totally unreasonable to believe that a significant amount of observational data which bears on this point will soon be available.

In summary, while it is more straightforward to observationally distinguish the low-density CDM models from the Einstein-de Sitter, MDM, and tilted CDM cases, distinguishing between the low-density models is much more challenging. It is quite unlikely that any single observation will conclusively accomplish this, but it is not at all unreasonable to remain optimistic, given the rapidly improving, and ever expanding range of observational tests of world models.

4. Acknowledgements

This work was done with J. Peebles, M. Kamionkowski, D. Spergel, and N. Sugiyama. I also thank N. Bahcall, M. Bucher, R. Caldwell, G. Hinshaw, W. Hu, D. Lyth, and E. Wollack for helpful discussions. This work was supported in part by NSF grant PHY89-21378 and by the David and Lucile Packard Foundation.

5. References

1. G. F. Smoot et al., Astrophys. J. Lett. 396 (1992) L1.

2. K. Ganga, E. Cheng, S. Meyer and L. Page, Astrophys. J. Lett. 410 (1993) L57.

3. C. L. Bennett et al., COBE preprint 94-01 (1994); E. L. Wright, G. F.

Smoot, C. L. Bennett and P. M. Lubin, COBE preprint 94-02 (1994); K. M. Górski et al., COBE preprint 94-08 (1994).

4. K. Ganga, L. Page, E. Cheng and S. Meyer, Princeton preprint (1994). 5. P. J. E. Peebles, Principles of Physical Cosmology (Princeton University Press, Princeton, 1993).

6. S. D. M. White, J. F. Navarro, A. E. Evrard and C. S. Frenk, Nature 366 (1993) 429.

7. G. H. Jacoby et al., Publ. Astron. Soc. Pac. 104 (1992) 599; S. van den Bergh, Publ. Astron. Soc. Pac. 104 (1992) 861; R. B. Tully, Proc. Natl. Acad. Sci. USA 90 (1993) 4806; M. Fukugita, C. J. Hogan and P. J. E. Peebles, Nature 366 (1993) 309; A. Sandage et al., Astrophys. J. Lett. 423 (1994) L13; B. P. Schmidt et al., CfA preprint 3794 (1994).

8. B. Chaboyer, A. Sarajedini and P. Demarque, Astrophys. J. 394 (1992) 515;

A. Renzini, Ann. NY Acad. Sci. 688 (1993) 124.

9. G. Efstathiou, W. J. Sutherland and S. J. Maddox, Nature 348 (1990) 705;

M. S. Vogeley, C. Park, M. J. Geller and J. P. Huchra, Astrophys. J. Lett. 391 (1992) L5; K. B. Fisher et al., Astrophys. J. 402 (1993) 42; C. M. Baugh and G. Efstathiou, Mon. Not. R. Astron. Soc. 265 (1993) 145; H. A. Feldman, N. Kaiser and J. A. Peacock, Astrophys. J. 426 (1994) 23.

10. A. Dekel et al., Astrophys. J. 412 (1993) 1.

11. A. J. S. Hamilton, Astrophys. J. Lett. 406 (1993) L47; K. B. Fisher et al.

Mon. Not. R. Astron. Soc. 267 (1994) 927.

12. F. Lucchin and S. Matarrese, Phys. Rev. D32 (1985) 1316; B. Ratra, Phys.

Rev. D45 (1992) 1913; R. Cen, N. Y. Gnedin, L. A. Kofman and J. P. Ostriker, Astrophys. J. Lett. 399 (1992) L11; D. S. Salopek, Phys. Rev. Lett. 69 (1992) 3602; A. R. Liddle and D. H. Lyth, Phys. Lett. B291 (1992) 391; F. Lucchin, S. Matarrese and S. Mollerach, Astrophys. J. Lett. 401 (1992) L49; J. E. Lidsey and P. Coles, Mon. Not. R. Astron. Soc. 258 (1992) 57P; T. Souradeep and V. Sahni, Mod. Phys. Lett. A7 (1992) 3541.

13. R. K. Schaefer and Q. Shafi, Nature 359 (1992) 199; M. Davis, F. J. Summers and D. Schlegel, Nature 359 (1992) 393; A. N. Taylor and M. Rowan- Robinson, Nature 359 (1992) 396; A. Klypin, J. Holtzman, J. Primack and E. Regös, Astrophys. J. 416 (1993) 1.

14. R. Cen and J. P. Ostriker, Astrophys. J. 414 (1993) 407, Princeton preprint POP-534 (1993).

15. P. J. E. Peebles, in The Epoch of Galaxy Formation, ed. C. S. Frenk et al.

(Kluwer, Dordrecht, 1989), p. 1.

16. K. Glazebrook, J. A. Peacock, C. A. Collins and L. Miller, Mon. Not. R.

Astron. Soc. 266 (1994) 65; L. L. Cowie, A. Songaila and E. M. Hu, IfA preprint: Galaxy Evolution Since Redshift One (1993).

17. O. Le Fèvre et al., Astrophys. J. Lett. 423 (1994) L89.

18. H. J. Mo and J. Miralda-Escudé, IAS preprint IASSNS-AST 94/7 (1994);

K. Subramanian and T. Padmanabhan, preprint (1994); G. Kaufmann and S. Charlot, Berkeley preprint (1994).

19. A. M. Wolfe, Ann. NY Acad. Sci. 688 (1993) 281.

20. P. J. E. Peebles, Astrophys. J. Lett. 315 (1987) L73, Nature 327 (1987) 210;

R. Cen, J. P. Ostriker and P. J. E. Peebles, Astrophys. J. 415 (1993) 423; W. Hu and N. Sugiyama, Berkeley preprint (1994).

21. P. J. E. Peebles, Princeton preprint (1994). 22. D. N. Spergel, Astrophys. J. Lett. 412 (1993) L5.

23. P. J. E. Peebles, Astrophys. J. 284 (1984) 439; J. Silk and N. Vittorio, Astrophys. J. 317 (1987) 564; J. M. Bardeen, J. R. Bond and G. Efstathiou, Astrophys. J. 321 (1987) 28; G. R. Blumenthal, A. Dekel and J. R. Primack, Astrophys. J. 326 (1988) 539.

24. M. S. Smith, L. H. Kawano and R. A. Malaney, Astrophys. J. Supp. 85 (1993) 219; P. J. Kernan and L. M. Krauss, Phys. Rev. Lett. 72 (1994) 3309, and references therein.

25. J. R. Gott III, Nature, 295 (1982) 304; A. H. Guth and E. J. Weinberg, Nucl. Phys. B212 (1983) 321; M. Bucher, A. Goldhaber and N. Turok, in preparation (1994).

26. A. Kashlinsky, I. Tkachev and J. Frieman, Fermilab preprint FERMILAB -Pub-94/114-A (1994).

27. B. Ratra and P. J. E. Peebles, Princeton preprint PUPT-1444 (1994). 28. B. Ratra and P. J. E. Peebles, Princeton preprint PUPT-1445 (1994). 29. D. H. Lyth and E. D. Stewart, Phys. Lett. B252 (1990) 336.

30. B. Ratra, Princeton preprint PUPT-1443 (1994).

31. E. R. Harrison, Phys. Rev. D1 (1970) 2726; P. J. E. Peebles and J. T. Yu, Astrophys. J. 162 (1970) 815; Ya. B. Zel’dovich, Mon. Not. R. Astron. Soc. 160 (1972) 1P.

32. M. L. Wilson, Astrophys. J. 273 (1983) 2; N. Sugiyama and N. Gouda, Prog. Theo. Phys. 88 (1992) 803; M. Kamionkowski and D. N. Spergel, IAS preprint IASSNS-HEP-93/73 (1993), and references therein.

33. P. J. E. Peebles, The Large-Scale Structure of the Universe (Princeton University Press, Princeton, 1980).

34. B. Ratra, Phys. Rev. D38 (1988) 2399. 35. B. Ratra, Phys. Rev. D45 (1992) 1913.

36. V. F. Mukhanov, H. A. Feldman and R. H. Brandenberger, Phys. Rept. 215 (1992) 203; R. Durrer, Zurich preprint ZU-TH14/92 (1992); J.-c. Hwang, Astrophys. J. 415 (1993) 486, and references therein.

37. B. Ratra, Phys. Rev. D43 (1991) 3802.

38. B. Ratra, Caltech preprint GRP-217/CALT-68-1594 (1989). 39. B. Ratra, Phys. Rev. D40 (1989) 3939. 40. E. L. Wright et al., Astrophys. J. 420 (1994) 1.

41. N. Gouda, N. Sugiyama and M. Sasaki, Prog. Theo. Phys. 85 (1991) 1023. 42. M. Kamionkowski, B. Ratra, D. N. Spergel and N. Sugiyama, IAS preprint IASSNS-HEP-94/39 (1994).

43. D. H. Lyth, private communication (1994).

44. B. Ratra, Caltech preprint GRP-229/CALT-68-1666 (1990), Phys. Rev.

D44 (1991) 365, Phys. Lett. B260 (1991) 21.

45. N. Sugiyama and J. Silk, Berkeley preprint CfPA-TH-94-17 (1994). 46. R. Stompor and K. M. Górski, Astrophys. J. Lett. 422 (1994) L41. 47. N. A. Bahcall and R. Cen, Astrophys. J. Lett. 398 (1992) L81; S. D. M.

White, G. Efstathiou and C. S. Frenk, Mon. Not. R. Astron. Soc. 262 (1993) 1023; R. Cen, N. Y. Gnedin and J. P. Ostriker, Astrophys. J. 417 (1993) 387, and references therein.

48. M. Fukugita, T. Futamase, M. Kasai and E. L. Turner, Astrophys. J. 393 (1992) 3; L. M. Krauss and M. White, Astrophys. J. 394 (1992) 385; D. Maoz and H.-W. Rix, Astrophys. J. 416 (1993) 425; C. S. Kochanek, CfA preprint 3859 (1994), and references therein.

49. M. Fukugita and P. J. E. Peebles, IAS preprint IASSNS-AST 93/24 (1993).

50. B. Ratra and A. Quillen, Mon. Not. R. Astron. Soc. 259 (1992) 738. 51. M. Kamionkowski, D. N. Spergel and N. Sugiyama, Astrophys. J. Lett. 426 (1994) L57.