arXiv:astro-ph/0408033 v1 2 Aug 2004

astro-ph/0408033 UMN–TH–2316/04 FTPI–MINN–04/28 August 2004

New BBN limits on Physics Beyond the Standard Model from^4He

Richard H. Cyburt^1, Brian D. Fields^2 Keith A. Olive^3, and Evan Skillman^4 1TRIUMF, Vancouver, BC V6T 2A3 Canada 2Center for Theoretical Astrophysics, Departments of Astronomy and of Physics, University of Illinois, Urbana, IL 61801, USA 3William I. Fine Theoretical Physics Institute, University of Minnesota, Minneapolis, MN 55455, USA 4School of Physics and Astronomy, University of Minnesota, Minneapolis, MN 55455, USA

Abstract

A recent analysis of the^4He abundance determined from observations of extragalactic HII regions indicates a significantly greater uncertainty for the^4He mass fraction. The derived value is now in line with predictions from big bang nucleosynthesis when the baryon density determined by WMAP is assumed. Based on this new analysis of^4He, we derive constraints on a host of particle properties which include: limits on the number of relativistic species at the time of BBN (commonly taken to be the limit on neutrino flavors), limits on the variations of fundamental couplings such as α_{em} and G_N , and limits on decaying particles.

1 Introduction

Big bang nucleosynthesis (BBN) is one of the most sensitive available probes of physics beyond the standard model. The concordance between the observation-based determinations of the light element abundances of D,^3He,^4He, and^7Li [1], and their theoretically predicted abundances reflects the overall success of the standard big bang cosmology. Many departures from the standard model are likely to upset this agreement, and are tightly constrained [2].

The^4He abundance, in particular, has often been used as a sensitive probe of new physics. This is due to the fact that nearly all available neutrons at the time of BBN end up in^4He and the neutron-to-proton ratio is very sensitive to the competition between the weak interaction rate and the expansion rate. For example, a bound on the number g_∗ of relativistic degrees of freedom (at the time of BBN), commonly known as the limit on neutrino flavors, N_ν , is derived through its effect on the expansion rate, H ∝ √ g_∗ [3]. However, because the calculated^4He abundance increases monotonically with baryon density (parameterized by the baryon-to-photon ratio, η ≡ n_b/n_γ ), a meaningful limit on N_ν requires both a lower bound to η and an upper bound to the primordial^4He mass fraction, Y_p [4]. Indeed, for a fixed upper limit to Y_p, the upper limit to N_ν can be a sensitive function of the lower limit to η, particularly if η is small [4, 5].

The recent all-sky, high-precision measurement of microwave background anisotropies by WMAP [6] has opened the possibility for new precision analyses of BBN. Among the cosmological parameters determined by WMAP, the baryon density has been derived with unprecedented precision. The WMAP best fit assuming a varying spectral index is Ω_Bh^2 = 0.0224 ± 0.0009 which is equivalent to η_{10,CMB} = 6.14 ± 0.25, where η_{10} = 10^{10}η. This result is sensitive mostly to WMAP alone but does include CMB data on smaller angular scales [7], Lyman α forest data, and 2dF redshift survey data [8] on large angular scales. This result is very similar to the corresponding value obtained from combining WMAP with SDSS data and other CMB measurements, which gives Ω_bh^2 = 0.0228^{+0.0010}_{−0.0008} [9] and corresponds to η_{10} = 6.25^{+0.27}_{−0.22}. Using the WMAP data to fix the baryon density, one can make quite accurate predictions for the light element abundances [10–13]. At the WMAP value for η, the^4He abundance is predicted to be [13]:

Y_p = 0.2485 ± 0.0005 (1)

On the other hand, accurate^4He abundances have been and continue to be difficult to obtain. It is recognized that there are many potential sources of systematic uncertainties in the derived^4He abundance [14, 15]. As a result there exists a wide range of derived primordial^4He abundances which have typically been relatively low compared with (1). Recently, a reanalysis [16] of the^4He data [17,18] has led to a significant enlargement in the statistical uncertainty as well as a potential shift in the mean value. A representative result of that analysis is Y_p = 0.2495 ± 0.0092 (2)

Conservatively, it would be difficult to exclude any value of Y_p inside the range 0.232 – 0.258.

Because much of the previous work was based on relatively low values of Y_p, tension between the value of η inferred from either D/H or WMAP, and^4He gave rise to very tight constraints on N_ν and on other particle properties. In light of the newly suggested range for Y_p [16], it is important to reexamine the constraints on physics beyond the standard model. Potential limits from D/H have been discussed recently [10, 12, 13], and we will just quote those results below in comparison with the results derived here. At present, it is not possible to use^7Li to obtain constraints. This is due to 1) the large uncertainty in the BBN prediction of the^7Li abundance, and 2) to the current discrepancy between the BBN prediction and the observational determination of the^7Li abundance (see e.g. [10–13, 19]).

2 The^4He Abundance

The^4He abundance has had a somewhat checkered history over the last decade. Of the modern determinations, the work of Pagel et al. [20] established the analysis techniques that others were soon to follow [21]. Their value of Y_p = 0.228 ± 0.005 was significantly lower than that of a sample of 45 low metallicity HII regions, observed and analyzed in a uniform manner [17], with a derived value of Y_p = 0.244 ± 0.002. An analysis based on the combined available data as well as unpublished data yielded an intermediate value of 0.238 ± 0.002 with an estimated systematic uncertainty of 0.005 [22]. An extended data set including 89 HII regions obtained Y_p = 0.2429 ± 0.0009 [18]. However, the recommended value is based on the much smaller subset of 7 HII regions, finding Y_p = 0.2421 ± 0.0021. As seen in table 6 of [18], changing the assumed value of the equivalent width of He absorption for one of the observed He wavelengths by 0.1 Å changes the derived abundance significantly to Y_p = 0.2444 ± 0.0020. This change of ΔY_p = 0.0023, is indicative of the importance of systematic errors.

4He abundance determinations depend on a number of physical parameters associated with the HII region in addition to the overall intensity of the He emission line. These include the temperature, electron density, optical depth and degree of underlying absorption. A selfconsistent analysis may use multiple^4He emission lines to determine the He abundance, the electron density and the optical depth. In [17], five He lines were used, underlying He absorption was assumed to be negligible and temperatures based on OIII observations were used.

A very accurate helium abundance for the HII region NGC 346 in the Small Magellanic Cloud was derived with a value of Y_p = 0.2345 ± 0.0026 [23]. Knowing that the OIII temperatures are systematically high, they use the He I emission lines to solve for the electron temperature. Recently, the spectra of five metal poor HII regions - NGC 346 and four regions reported in [17] have been reanalyzed [24]. After considering the effects of additional physical processes (e.g., collisional excitation of the Balmer lines), a higher determination of Y_p = 0.239 ± 0.002 was found.

The question of systematic uncertainties was addressed in some detail in [14]. It was shown that there exist severe degeneracies inherent in the self-consistent method, particularly when the effects of underlying absorption are taken into account. A sixth He line was proposed to test for the presence of underlying He absorption. However, even in the six-line method, one can not escape the degeneracies present in the solutions. In particular, solutions with no absorption and high density are often indistinguishable (i.e., in a statistical sense they are equally well represented by the data) from solutions with underlying absorption and a lower density. In the latter case, the He abundance is systematically higher. These degeneracies are markedly apparent when the data is analyzed using Monte-Carlo methods which generate statistically viable representations of the observations. When this is done, not only are the He abundances found to be higher, but the uncertainties are also found to be significantly larger than in a direct self-consistent approach.

In [16], the Monte-Carlo method was applied to seven of the highest quality observations from the sample in [17]. As expected, systematically higher He abundances were found, with significantly larger uncertainties. The results of a regression (to zero metallicity) led to the primordial He abundance given in Eq. (2). With this value of Y_p (particularly with the stated uncertainty), there is clearly no discrepancy between He observations and BBN predictions of Y_p at the WMAP value for η. It was stressed however, that although this method found higher He abundances, one could not exclude the lower abundances found by other methods.

3 Standard BBN

Key to BBN analysis is an accurate determination of BBN theory uncertainties, which are dominated by the errors in nuclear cross section data. To this end, several groups have determined reaction rate representations and uncertainties. Smith, Kawano and Malaney [25] presented the first detailed error budget for BBN, generally assuming constant relative errors. In more recent work [26], uncertainties were propagated based on available nuclear data into the light element predictions. The NACRE collaboration presented a larger focus nuclear compilation [27], meant to update the previous astrophysical standard [28]. However, their “high” and “low” limits are not defined rigorously as 1 or 2 sigma limits (see [29, 30] for its impact on BBN). In an attempt to increase the rigor of the NACRE errors, we reanalyzed [29] the data using NACRE cross section fits defining a “sample variance” which takes into account systematic differences between data sets.

Since then, new data and techniques have become available, motivating new compilations. Within the last year, several new BBN compilations have been presented [11–13], the latter being one of the most rigorous and exhaustive efforts to determine reliable rate representations and meaningful uncertainties and we adopt this compilation here.

To compare theory with observations, we will adopt the^4He results discussed in §2. For brevity, we will simply adopt the D observations discussed in [31]. We use the D abundance constraints based on the best five measurements of D/H in QSO absorption line systems

D/H_A = (2.78 ± 0.29) × 10^{−5} (3)

BBN is tested with the comparison between light element abundance observations, BBN theory predictions, and the subsequent allowed ranges of baryon density, which has now been independently measured by CMB anisotropy experiments [10]. One way to perform this test is to use the CMB range of η as an input to the BBN calculation, and to compute the resulting ranges in the light elements. This procedure is illustrated in Figure 1. As is well known, the agreement with D is excellent. The^4He overlap is also essentially perfect, though the larger uncertainty in^4He renders this agreement a less powerful test, and the near-coincidence of central values is fortuitous. Nevertheless, the new^4He analyses does bring this nuclide in good agreement with the CMB and D. This consistency was not guaranteed and marks a success of BBN and of cosmology.

4 Beyond the Standard Model

For several cases of interest, it will be useful to define a dimensionless cosmic “speed-up” factor ξ = H_{new}/H_{std}, where H = ȧ/a is the Hubble expansion rate; ξ = 1 then represents the unperturbed case. The expansion rate itself is given by the Friedmann equation, which for a flat universe is H^2 = (8π/3) G_N ρ, where ρ is the total mass-energy density. Thus the

Figure 1: Likelihood distributions for light element abundances. The dark (blue) shaded regions are the BBN predictions given the CMB-determined η values. The light (yellow) shaded regions correspond to the light element observations: the new Y_p and world average of D/H_A values of eq. (3) are represented by the yellow regions.

speed-up factor evolves as ξ = √ (G_N ρ)_{new}/(G_N ρ)_{std}. For the case of a radiation-dominated universe, we have ρ ∝ g_∗T^4, where g_∗ = 2 + 7/2 + 7N_ν /4 counts the relativistic degrees of freedom in photons, e^± pairs, and N_ν neutrino species.

4.1 Constraints on N_ν

We first consider the canonical extension of standard BBN, in which there are N_ν effectively massless (m_ν ≪ 1 MeV) left-handed neutrino species. The increase in the speed-up factor is ξ = √ 1 + 7δN_ν /43, (4)

where δN_ν = N_ν − 3. This in turn changes the weak freezeout temperature and ultimately affects all of the light elements. Until recently, the effect on the^4He abundance was the only measurable consequence, but D/H measurements are now sufficiently accurate that D/H also

Figure 2: The likelihood distribution for N_ν based on the WMAP value of η_{10} = 6.14 ± 0.25 and Y_p from Eq. 2 (shaded), WMAP and D/H (dashed), WMAP and both Y_p and D/H_A (dotted). We also show the result without the imposing the WMAP value for η (long dashed).

has an important sensitivity to N_ν [32].

For a fixed value of η_{10} = 6.14 ± 0.25 and the He abundance given in (2), we show the likelihood distribution for N_ν by the shaded region in Fig. 2. Also shown for comparison are the likelihood distribution based the WMAP value of η using D/H alone, Y_p and D/H, and the result based on BBN alone. Despite the increased uncertainty in the He abundance, it still provides the strongest constraint on N_ν . D/H is nonetheless becoming competitive in its ability to set limits on N_ν .

Figure 3a shows the joint limits on η and N_ν based on D and^4He. We see that the 4He contours are nearly horizontal, which arises from the weak (logarithmic) sensitivity of Y_p to η, as opposed to a stronger, linear sensitivity to δN_ν . Thus^4He by itself is a poor baryometer but an excellent probe of nonstandard physics. On the other hand, the D/H contours have a steep slope, indicating a strong sensitivity to η which is the origin of the D/H power as a baryometer. The non-vertical nature of the slope does however indicate a correlation between the D/H sensitivity to η and N_ν . Thus by combining D and^4He we can expect to arrive at strong constraints on both parameters. Numerical results appear in Table 1, where we see that these light elements alone constrain η to within about 10%, and fix N_ν to within about 20%, both at 1σ. Note that the contour ellipses in Figure 3 have a

Figure 3: a) BBN-only constraints on η and N_ν . The thickest (thinnest) curves correspond to 1σ (3σ) limits. The nearly vertical (blue) curves are limits due to D/H, nearly horizontal (red) curves are for^4He, and the closed (black) contours combine both. b) As in a), with the CMB η information included.

slight positive tilt, corresponding to a small positive correlation between η and N_ν .

Also appearing in Table 1, we have shown the 95% upper confidence limits placed on the effective neutrino number, δN_{ν,max}, assuming that N_ν > 3.0 or δN_ν > 0.0. The constraints presented suggest a robust upper bound of 1.6 with 95% confidence. We next introduce the CMB information on η; this tests the overall consistency, but as we have already shown, the agreement is good for the standard N_ν = 3 case. Note that CMB anisotropies also have some sensitivity to N_ν , though this is at the moment significantly weaker than the light element sensitivity. We do not use this additional information, which would slightly strengthen the constraints on N_ν , but would not affect the η limits (where the CMB impact is largest) due to the independence of the CMB limits on η and N_ν [33].

Figure 3b shows the impact of the CMB on the η and N_ν constraints. We see that the dominant effect is that the CMB narrows and steepens the combined contours; this

Table 1: The table shows constraints placed on N_ν and η by various combinations of observations. Shown are the 68% confidence limits determined by marginalizing the 2-D likelihood distribution L(η, N_ν ). Also shown are the 95% upper limits on δN_ν = N_ν − 3, given that δN_ν > 0. Observations η_{10} ≡ 10^{10}η N_ν δN_{ν,max} Y_p + D/H_A 5.94^{+0.56}_{−0.50} 3.14^{+0.70}_{−0.65} 1.59 Y_p + η_{CM B} 6.14 ± 0.25 3.08^{+0.74}_{−0.68} 1.63 D/H_A + η_{CM B} 6.16 ± 0.25 3.59^{+1.14}_{−1.04} 2.78 Y_p + D/H_A + η_{CM B} 6.10^{+0.24}_{−0.22} 3.24^{+0.61}_{−0.57} 1.44

reflects the very tight CMB constraint on η. Table 1 shows the impact of the CMB on the η and N_ν constraints. The resulting precision on η is roughly doubled, to about a 4% (!) measurement, dominated by the CMB contribution but for which the D/H contribution is not negligible. The precision of the N_ν constraint remains essentially the same, reflecting both the dominance of Y_p in determining N_ν , as well as the near-independence of Y_p on η.

In [16], it was noted that the primordial value of the^4He abundance based on a regression with respect to O/H was only marginally statistically more significant that a weighted mean which yields Y_p = 0.252 ± 0.003. This result is also obtained using a Bayesian analysis in which the sole prior is the increase in^4He in time [34]. The combination of the^4He abundance based on the mean value and the CMB value for η gives N_ν = 3.27 ± 0.24 with a 95% upper limit δN_{ν,max} = 0.7. Recall, the constraint on δN_{ν,max} assumes N_ν > 3 or δN_ν > 0.

In all cases the preferred values for N_ν are consistent with N_ν = 3, and in many cases are much closer to N_ν = 3 than 1σ. This restates the overall consistency among standard BBN theory, D and^4He observations, and CMB anisotropies. It also constrains departures from this scenario. Our combined limit using BBN + light elements + CMB limit is:

2.67 ≤ N_ν ≤ 3.85 (5)

at 68% CL.

4.2 Constraints on the Variation of Fundamental Constants

As noted earlier, BBN also placed interesting limits on possible variations of fundamental constants. Indeed, almost every fundamental parameter can be constrained by BBN if it affects either the expansion rate of the Universe, the weak interaction rates prior to nucleosynthesis, or of course the nuclear rates themselves. As quantitative examples of the constraints which can be derived, we focus here solely on variations of Newton’s constant and the fine-structure constant. Here, we simply note that many other constraints have been considered in the past (for a recent review see: [35]).

4.2.1 Newton’s Constant, G_N

Strictly speaking, it makes no sense to consider the variation of a dimensionful constant such as G_N (see e.g. [36]). We include the discussion here for the purposes of comparison with previous constraints. We also note that the limit set here could be interpreted as a limit on the gravitational coupling between two protons (G_N m^2_p) in a framework where we have chosen m_p (and all other particle masses) to be constant. Early constraints [37] on G_N relied mainly on^4He abundance observations. Recently, the D/H abundance was used [38] in conjunction with the WMAP determination of η to set a limit on ΔG_N /G_{N,0} of about 20% from the time of BBN. Assuming a simple power law dependence G_N ∼ t^{−x}, x was constrained to the range −0.004 < x < 0.005 implying −4 × 10^{−13}yr^{−1} < Ġ_{N,0}/G_{N,0} < 3 × 10^{−13}yr^{−1} The use of D/H was motivated in part by the previously discrepant value for Y_p.

Although the uncertainty in the^4He abundance has been argued to be significantly larger than past values (0.009 vs 0.002) [16], the resulting bounds on G_N are still interesting. The limit on δN_ν of −0.60 < δN_ν < 0.82 from the Y_p + CMB constraint, can be translated directly to a bound on the speed-up factor: 0.949 < ξ < 1.062. Any variation in G_N can be expressed through ξ − 0.10 < ΔG_N G_{N,0} = ξ^2 − 1 < 0.13 (6)

or perhaps more simply put, the limit on the variation in G_N can always be related directly to the limit on N_ν through ΔG_N G_{N,0} = 7 43 δN_ν (7)

If one makes the common assumption that G_N ∼ t^{−x}, we obtain, −0.0029 < x < 0.0032 and −2.4 × 10^{−13}yr^{−1} < Ġ_{N,0}/G_{N,0} < 2.1 × 10^{−13}yr^{−1} (using t_0 = 13.7 ± 0.2 Gyr [6], and t_{BBN} ∼ 100 sec). Thus despite the increased uncertainty in Y_p, the^4He abundance still provides the strongest possible constraint on G_N .

4.2.2 The Fine-Structure Constant, α

There has been a great deal of activity surrounding possible variations of the fine-structure constant, motivated largely by a reported observational analysis of quasar absorption systems which has been interpreted as a variation in α [39]. We note that other observations using similar methods [40] have not confirmed the variation in α, and other interpretations based on the nucleosynthesis of heavy Mg isotopes in the absorbers may also explain the data [41]. Other constraints from the CMB [42], the Oklo reactor [43, 44], and meteoritic abundances [44, 45] have also been derived. Once again, our goal here is to update the BBN bound on variations in α using the newly derived value of Y_p.

If we assume that only α is allowed to vary (i.e., we assume that all other fundamental parameters are held fixed), the dominant contribution to a change in Y_p comes from the variation in the neutron-proton mass difference, Q = m_n − m_p [46]. The^4He abundance can be estimated simply from the ratio of the neutron-to-proton number densities, n/p, by assuming that essentially all free neutrons are incorporated into^4He. The neutron-to-proton ratio at weak freezeout is (n/p)_f ∼ e^{−Q/Tf} , modulo free neutron decay, where T_f is the temperature at which the weak interaction rate for interconverting neutrons and protons falls below the expansion rate of the Universe.

Variations in Q leads to a variation in Y_p given approximately by ΔY Y ≈ − ΔQ Q (8) One can write the nucleon mass difference as Q ∼ aαΛ_{QCD} + bv (9) where a and b are dimensionless constants giving the relative contributions from the electromagnetic and weak interactions. In (9), v is the standard model Higgs expectation value. A discussion on the contributions to Q can be found in [47]. The constants a and b are chosen so that at present the two terms contribute -0.8 MeV and 2.1 MeV respectively. Eqs. (8) and (9) can be combined to give ΔY Y ≈ 0.6 Δα α (10)

Thus the current uncertainty in the observational determined value of Y_p leads to a bound of |Δα/α| < 0.06. If changes in α are correlated to changes in other gauge or Yukawa couplings, this limit improves (in a model dependent way) by about 2 orders of magnitude [48].

4.3 Limits on Decaying Particles

An exotic scenario often considered is that of late-decaying particles (τ_X ∼ 10^8 sec) [49]. The particles are assumed to decay electromagnetically, meaning that the decays inject electromagnetic radiation into the early universe. If the decaying particle is abundant enough or massive enough, the injection of electromagnetic radiation can photo-erode the light elements created during primordial nucleosynthesis. The theories we have in mind are generally supersymmetric, in which the gravitino and neutralino are the next-to-lightest and lightest supersymmetric particles, respectively, but the constraints hold for any decay producing electromagnetic radiation. We thus constrain the abundance of such a particle given its mean lifetime τ_X . The abundance is constrained through the parameter ζ_X ≡ 2E_{inj} n_X /n_γ . We can see there is a degeneracy between the relative abundance n_X /n_γ and the injected energy E_{inj} . Specific theories can relate the lifetime with the mass of the decaying particle and thus the injected energy E_{inj} , however, we will restrict ourselves to the general case.

The constraint placed by the^4He abundance comes from its lower limit, as this scenario destroys^4He. The maximum value our abundance parameter can take is proportional to the^4He constraint, ζ_{X,max}(^4He) ∝ (Y_{BBN} − Y_{min})/Y_{BBN} . Here Y_{BBN} is the predicted^4He abundance given η and Y_{min} is the minimum allowed value from observations. Using Y_{min} = 0.232, we find:

ζ_X (^4He) < 2.1 × 10^{−10} GeV

( η_{10} 6.14 ) ( τ_X 10^8sec )_{1/4} for τ_X > 10^8 sec (11)

However, in this scenario the limits on the tertiary production of^6Li provide stronger constraints on late-decaying particles, with ζ_X < 5.1 × 10^{−12} GeV following the same scalings with η_{10} and τ_X as^4He.

4.4 Other Bounds

Models of neutrino masses with new right-handed interactions are also subject to the constraint from^4He. If we assume right-handed neutrinos are present and are light enough (<∼ 1 MeV) to count as extra relativistic degrees of freedom during BBN, they are subject to the constraint on δN_ν < 1.60. Assuming there are 3 standard model neutrinos and 3 righthanded neutrinos, we can relate the limit on δN_ν to the temperature ratio of right-handed to left-handed neutrino temperatures: δN_ν = 3(T_{νR} /T_{νL} )^4 [50]. We find T_{νR} /T_{νL} < 0.85 with 95% confidence. In order to change this ratio from unity, right-handed neutrinos must decouple before epochs of entropy release, generally due to particle annihilation. To accommodate the constraint on the temperature ratio, ν_R must decouple at least before the annihilation epoch of pions, if not before the quark-hadron transition, with T_{dec} > 140 MeV.

As a consequence, right-handed interactions governed by some new mass scale M_R, can also be constrained. Requiring that these interactions decouple before the pion annihilation epoch and recalling that T_{dec} scales as M^4_R, we find that:

M_{WR} > 3.3 TeV

( T_{dec} 140 MeV )_{3/4} (12)

Note this constraint is stronger than limits currently set by high-precision electroweak constraints (M_{WR} > 715 GeV [51]). For recent analyses of models of this type, see [52].

BBN can also constrain the presence of vaccum energy during nucleosynthesis, via the expansion speedup provided by the additional energy density. The presence of vaccuum energy during BBN is motivated both by considerations of dark energy [53, 54] as well as inflation. The new vacuum energy component is typically modelled as some scalar field ϕ. The evolution of the scalar field is controlled by its potential as well as the Friedmann equation. However, for an important class of models, there is a “tracker” solution which is an attractor, and leads the vaccum energy density to be proportional to the dominant radiation density [53]. In this case, the vacuum energy acts essentially as an extra neutrino species, with Ω_ϕ(1 MeV) = ρ_ϕ ρ_{rad} + ρ_ϕ = 7δN_ν /4 10.75 + 7δN_ν /4

(13)

Using our limit δN_ν < 1.60, we find that Ω_ϕ(1 MeV) < 0.21. For the case of an exponential potential V (ϕ) = M^4_{Pl}e^{−λϕ/MPl} , this constraints the coupling λ = 2/ √ Ω_ϕ > 4.4.

5 Summary

A new and detailed assessment [16] of the observed primordial^4He abundance, and its uncertainties, has important implications for cosmology and BBN generally, and for early universe and particle physics in particular. The observed^4He abundance is now found to be consistent with the η value given by D, leaving^7Li alone in discordance. Moreover, both D and now^4He are consistent with the precision η range determined by recent observations of CMB anisotropies. The newfound^4He agreement arises primarily because the new and more detailed error budget is also larger than previous estimates. Nevertheless, with^4He in concordance, it now rejoins D and the CMB as a probe of physics beyond the Standard Model.

We have surveyed the impact of the new^4He analysis on nonstandard physics. The classic neutrino counting argument is found to give relaxed though non-trivial limits to δN_ν (eq. 5 and Table 1). We find that D and^4He observations each make similar contributions to these limits. Thus, if one of these observations can be signficantly improved, it will dominate our ability to probe exotica.

These limits immediately translate to tighter constraints on variation of the fundamental constants. They also constrain the presence of vaccuum energy (in the “tracker” regime) during BBN. Finally, we note that the new^4He limit on decaying particle sceanrios remains weaker than the constraints placed by^6Li; with a factor ∼ 2 improvement in precision,^4He would be competetive.

We thus urge continued effort to (realistically!) improve the precision of the observations of primordial abundances. A sharpening in either D or^4He will immediately tighten the limits we place here. And of course, the outstanding problem with^7Li continues to demand explanation.

Acknowledgments

R.H.C. would like to thank C. Angulo, P. Descouvemont and P. Serpico for helpful discussions on our respective BBN rate compilations [11–13]. The work of K.A.O. was partially supported by DOE grant DE-FG02-94ER-40823. The work of B.D.F. was supported by the National Science Foundation under grant AST-0092939. The work of R.H.C. was supported by the Natural Sciences and Engineering Research Council of Canada.

References

[1] T. P. Walker, G. Steigman, D. N. Schramm, K. A. Olive and K. Kang, Ap.J. 376 (1991) 51; K. A. Olive, G. Steigman, and T. P. Walker, Phys. Rep. 333 (2000) 389; B. D. Fields and S. Sarkar, Phys. Rev. D66 (2002) 010001.

[2] R. A. Malaney and G. J. Mathews, Phys. Rept. 229 (1993) 145; S. Sarkar, Rep. Prog.

Phys. 59 (1996) 1493.

[3] G. Steigman, D.N. Schramm, and J. Gunn, Phys. Lett. B66, 202 (1977).

[4] K. A. Olive, D. N. Schramm, G. Steigman, M. S. Turner and J. M. Yang, Astrophys. J.

246 (1981) 557.

[5] J. M. Yang, M. S. Turner, G. Steigman, D. N. Schramm and K. A. Olive, Astrophys. J.

281 (1984) 493.

[6] C. L. Bennett et al., Astrophys. J. Suppl. 148 (2003) 1; D. N. Spergel et al., Astrophys.

J. Suppl. 148 (2003) 175.

[7] J. L. Sievers et al., Astrophys. J. 591, 599 (2003); J. H. Goldstein et al., Astrophys. J.

599, 773 (2003);

[8] W. J. Percival et al., Monthly Not. Royal Astr. Soc., 337, 1297 (2001). [9] M. Tegmark et al. [SDSS Collaboration], Phys. Rev. D 69 (2004) 103501. [10] R. H. Cyburt, B. D. Fields and K. A. Olive, Phys. Lett. 567 (2003) 227. [11] A. Coc, E. Vangioni-Flam, P. Descouvemont, A. Adahchour and C. Angulo, Ap. J. , 600 (2004) 544. P. Descouvemont, A. Adahchour, C. Angulo, A. Coc and E. Vangioni-Flam, arXiv:astro-ph/0407101.

[12] A. Cuoco, F. Iocco, G. Mangano, G. Miele, O. Pisanti and P.D. Serpico, [arXiv:astro-ph/0307213].

[13] R. H. Cyburt, Phys. Rev. D 70 (2004) 023505. [14] K.A. Olive, and E. Skillman, New Ast. 6 (2001) 119.

[15] G. Steigman, S. M. Viegas and R. Gruenwald, Ap.J. 490 (1997) 187; S. M. Viegas, R. Gruenwald and G. Steigman, Ap.J. 531 (2000) 813; R. Gruenwald, G. Steigman and S. M. Viegas, Ap.J. 567 (2002) 931; D. Sauer, and K. Jedamzik, A.A. 381, 361 (2002);

[16] K. A. Olive and E. D. Skillman, astro-ph/0405588.

[17] Y. I. Izotov, T. X. Thuan, and V. A. Lipovetsky, Ap. J. 435 (1994) 647; Y. I. Izotov, T. X. Thuan, and V. A. Lipovetsky, Ap. J. 108 (1997) 1; Y. I. Izotov and T. X. Thuan, Ap. J. 500 (1998) 188.

[18] Y. I. Izotov and T. X. Thuan, Ap.J. 602 (2004) 200.

[19] R. H. Cyburt, B. D. Fields and K. A. Olive, Phys. Rev. D 69, 123519 (2004). [20] B.E.J. Pagel, E.A. Simonson, R.J. Terlevich and M. Edmunds, MNRAS 255, 325 (1992). [21] E. Skillman and R.C. Kennicutt, Ap.J. 411, 655 (1993);

E. Skillman, R.J. Terlevich, R.C. Kennicutt, D.R. Garnett, and E. Terlevich, Ap.J. 431,172 (1994).

[22] K. A. Olive and G. Steigman, Astrophys. J. Suppl. 97 (1995) 49; K. A. Olive, E. Skillman and G. Steigman, Astrophys. J. 483 (1997) 788; B. D. Fields and K. A. Olive, Ap. J. 506 (1998) 177.

[23] M. Peimbert, A. Peimbert and M. T. Ruiz, Ap. J. 541 (2000) 688; A. Peimbert, M.

Peimbert and V. Luridiana, Ap. J. 565 (2002) 668.

[24] V. Luridiana, A. Peimbert, M. Peimbert and M. Cervino, Astrophys. J. 592, 846 (2003). [25] M.S. Smith, L.H. Kawano and R.A. Malaney, Ap. J. Suppl. 85 (1993) 219. [26] K. M. Nollett and S. Burles, Phys. Rev. D 61, 123505 (2000). [27] C. Angulo et al., Nucl. Phys. A 656 (1999) 3.

[28] G. Caughlan and W.A. Fowler, Atomic Data Nucl. Data Tables 40 (1988) 283 [29] R. H. Cyburt, B. D. Fields and K. A. Olive, New Astron. 6 (1996) 215. [30] A. Coc, E. Vangioni-Flam, M. Cass’e and M. Rabiet, Phys. Rev. D 65 (2002) 043510. [31] S. Burles and D. Tytler, ApJ 499 (1998) 699; S. Burles and D. Tytler, ApJ 507 (1998) 732; J.M. O’Meara et al., 552 (2002) 718; D. Kirkman et al., ApJS 149 (2003) 1; M. Pettini and D.V. Bowen, ApJ 560 (2001) 41.

[32] R. H. Cyburt, B. D. Fields and K. A. Olive, Astropart. Phys. 17 (2002) 87. [33] V. Barger, J. P. Kneller, H. S. Lee, D. Marfatia and G. Steigman, Phys. Lett. B 566 (2003) 8.

[34] C. J. Hogan, K. A. Olive and S. T. Scully, arXiv:astro-ph/9705107. [35] J. P. Uzan, Rev. Mod. Phys. 75 (2003) 403. [36] M. J. Duff, arXiv:hep-th/0208093.

[37] J. M. Yang, D. N. Schramm, G. Steigman and R. T. Rood, Astrophys. J. 227 (1979) 697. F. S. Accetta, L. M. Krauss and P. Romanelli, Phys. Lett. B 248 (1990) 146.

[38] C. J. Copi, A. N. Davis and L. M. Krauss, Phys. Rev. Lett. 92 (2004) 171301. [39] M. T. Murphy, J. K. Webb and V. V. Flambaum, arXiv:astro-ph/0306483. [40] H. Chand, R. Srianand, P. Petitjean and B. Aracil, Astron. Astrophys. 417, 853 (2004);

R. Srianand, H. Chand, P. Petitjean and B. Aracil, Phys. Rev. Lett. 92, 121302 (2004); R. Quast, D. Reimers and S. A. Levshakov, arXiv:astro-ph/0311280.

[41] T. P. Ashenfelter, G. J. Mathews and K. A. Olive, Phys. Rev. Lett. 92, 041102 (2004);

T. P. Ashenfelter, G. J. Mathews and K. A. Olive, arXiv:astro-ph/0404257.

[42] G. Rocha, R. Trotta, C. J. A. Martins, A. Melchiorri, P. P. Avelino and P. T. P. Viana, New Astron. Rev. 47, 863 (2003).

[43] A. I. Shlyakhter, Nature 264 (1976) 340; T. Damour and F. Dyson, Nucl. Phys. B 480 (1996) 37; Y. Fujii et al., Nucl. Phys. B573 (2000) 377.

[44] K. A. Olive, M. Pospelov, Y. Z. Qian, A. Coc, M. Casse and E. Vangioni-Flam, Phys.

Rev. D 66 (2002) 045022; K. A. Olive, M. Pospelov, Y. Z. Qian, G. Manhes, E. Vangioni- Flam, A. Coc and M. Casse, Phys. Rev. D 69 (2004) 027701.

[45] Y. Fujii and A. Iwamoto, Phys. Rev. Lett. 91, 261101 (2003).

[46] E. W. Kolb, M. J. Perry and T. P. Walker, Phys. Rev. D 33, 869 (1986); L. Bergstrom, S. Iguri and H. Rubinstein, Phys. Rev. D 60, 045005 (1999); K. M. Nollett and R. E. Lopez, Phys. Rev. D 66, 063507 (2002).

[47] J. Gasser and H. Leutwyler, Phys. Rep. 87 (1982) 77.

[48] B. A. Campbell and K. A. Olive, Phys. Lett. B 345, 429 (1995); P. Langacker, G. Segre and M. J. Strassler, Phys. Lett. B 528, 121 (2002); T. Dent and M. Fairbairn, Nucl. Phys. B 653, 256 (2003); X. Calmet and H. Fritzsch, X. Calmet and H. Fritzsch, Eur. Phys. J. C 24, 639 (2002); Phys. Lett. B 540, 173 (2002); K. Ichikawa and M. Kawasaki, Phys. Rev. D 65, 123511 (2002); C. M. Mueller, G. Schaefer and C. Wetterich, arXiv:astro-ph/0405373.

[49] S. Dimopoulos, R. Esmailzadeh, L. J. Hall and G. D. Starkman, Astrophys. J. 330 (1988) 545; R. H. Cyburt, J. R. Ellis, B. D. Fields and K. A. Olive, Phys. Rev. D 67, 103521 (2003).

[50] G. Steigman, K.A. Olive and D.N. Schramm, Phys. Rev. Lett. 43, 239 (1979);

[51] Hagiwara, K. et al 2002 Phys. Rev. D 66, 010001

[52] V. Barger, P. Langacker and H. S. Lee, Phys. Rev. D 67 (2003) 075009.

[53] P. G. Ferreira and M. Joyce, Phys. Rev. D 58, 023503 (1998).

[54] M. Birkel and S. Sarkar, Astropart. Phys. 6, 197 (1997); J. P. Kneller and G. Steigman, Phys. Rev. D 67, 063501 (2003).