arXiv:astro-ph/0701752v2 17 Mar 2007

21 cm radiation - a new probe of variation in the fine structure constant

Rishi Khatri^∗ Department of Astronomy, University of Illinois at Urbana-Champaign, 1002 W. Green Street, Urbana, IL 61801

Benjamin D. Wandelt^† Departments of Physics and Astronomy, University of Illinois at Urbana-Champaign, 1002 W. Green Street, Urbana, IL 61801 (Dated: March 17, 2007)

We investigate the effect of variation in the value of the fine structure constant (α) at high redshifts (recombination > z > 30 ) on the absorption of the cosmic microwave background (CMB) at 21 cm hyperfine transition of the neutral atomic hydrogen. We find that the 21 cm signal is very sensitive to the variations in α and it is so far the only probe of the fine structure constant in this redshift range. A change in the value of α by 1% changes the mean brightness temperature decrement of the CMB due to 21 cm absorption by > 5% over the redshift range z < 50. There is an effect of similar magnitude on the amplitude of the fluctuations in the brightness temperature. The redshift of maximum absorption also changes by ∼ 5%.

Introduction. — Why do the fundamental constants of nature take the values that we measure ? This question was posed as a fundamental problem of physics in the last century. Dirac [1, 2] first considered the question of variation of these constants with time. The standard model does not explain the values of these constants, especially the constants determining the strength of the four fundamental forces. These constants can indeed vary naturally, though not necessarily, in space as well as time in Grand Unified Theories (GUTs) and theories of quantum gravity [3]. Thus a measurement of variation or a constraint on non-variation of the fundamental constants is an important probe of new physics beyond the standard model and general relativity. Testing the variation of constants has become more important in light of current data indicating the presence of dark energy. Dark energy could be a cosmological constant, which fits current data [4], but could also be evidence for physics beyond the standard model. It is therefore important to find new ways to distinguish different models of dark energy. If dark energy couples to the standard particle physics it could cause variations in the fundamental constants of the standard model [5]. Testing for variations in the fundamental constants thus also probes the properties of dark energy [6, 7] and hence is important for any attempt to explain dark energy theoretically.

In this Letter we propose a new probe of variations in the fine structure constant on cosmological time scales. The most stringent existing constraints on the value of the fine structure constant in the early Universe are from the measurements of quasar spectra involving fine structure transitions. These measurement suggest a change |(α_t − α)/α| = |δα/α| <∼ 10^{−5}, where α_t is the value of α at time t [8, 9, 10]. For these quasar measurements t corresponds to a z < 3.5. If the variation is monotonic |δα| would be larger at higher redshifts. If the variation

∗Electronic address: rkhatri2@uiuc.edu †Electronic address: bwandelt@uiuc.edu

is not monotonic, then measurements at many different redshifts would be required to trace the features in its evolution. The constraints at very early times, z > 10, are not very stringent and come from the CMB (z ∼ 10^3) and big bang nucleosyntheis (BBN, z ∼ 10^9−10^{10}). From CMB [11, 12, 13] |δα/α| < 3 − 9% and from BBN [14] |δα/α| < 6%. There are no constraints for redshifts in the range 1000 > z > 10.

The 21 cm absorption of CMB provides an opportunity to constrain α during these “dark ages.” Also the 21 cm absorption signal is available for a range of redshifts during this period and thus can be a useful probe for tracing the evolution of α. One advantage of this method is that we are measuring the amount of absorption of the CMB radiation which depends on the Einstein emission/absorption coefficients. As we will see below the Einstein coefficients are more sensitive to changes in α (A_{10} ∝ α^{13}) than the fine structure/hyperfine structure splitting itself.

21 cm radiation from the dark ages. — The 21 cm signal from neutral hydrogen after recombination and before re-ionization has been investigated by many authors [15, 16, 17, 18]. We refer to [19] for detailed review. After recombination the radiation temperature goes down as 1 + z. The baryons however are prevented from cooling adiabatically due to the small amount of residual electrons which couple the gas to the radiation through Thomson scattering. At z ∼ 200 this process becomes inefficient and the matter decouples thermally from the radiation. The hydrogen atoms after recombination are in the ground state which is split into a singlet and a triplet state due to hyperfine splitting. The occupation of the excited triplet state and the lower energy singlet state can be described by defining the spin temperature by the relation n_t/n_s = g_t/g_se^{−T⋆/Ts} , where n_t and n_s are the number densities of atoms in triplet and singlet states respectively, g_t and g_s are the corresponding statistical weights with g_t/g_s = 3, T_⋆ = 0.068K is the energy difference between the two states and equals 21 cm in wavelength units and T_s is the spin temperature [20].

The evolution equations for the gas temperature T_g, radiation temperature T_γ = 2.726(1 + z)K, ionization fraction x = n_e/n_H , where n_e is the number density of electrons and n_H is the total number density of hydrogen nuclei, and spin temperature T_s can be written as [18, 21, 22] dT_s dz = 4T^2_s H (1 + z) ( 1 T_g − 1 T_s ) C_{10} + ( 1 T_γ − 1 T_s ) T_γ A_{10} T_⋆ (1) dT_g dz = 2T_g 1 + z − 8σ_T 3m_ec 4σ_{SB} c x 1 + x_{He} + x

T^4_γ H (1 + z)

(T_γ − T_g ) (2) dx dz = −C_r H (1 + z) ( β (1 − x) − n_H α_2x^2 ) , (3)

where H is the Hubble parameter at redshift z, C_{10} = ( κ^{HH}_{10} n_H + κ^{eH}_{10} xn_H ) , κ^{HH}_{10} is the collisional deexcitation rate from triplet to singlet state for H-H collisions [23, 24], κ^{eH}_{10} is the corresponding cross section for e-H collisions [25], A_{10} is the Einstein A coefficient for spontaneous transition, σ_T is the Thomson scattering cross section, σ_{SB} is the Stephan-Boltzmann constant, m_e is the mass of electron and c is the speed of light in vacuum . x_{He} = n_{He}/n_H , n_{He} being the number density of Helium nuclei. C_r , β and α_2 are defined by the equations [21, 22, 26]

α_2 = F 10^{−13}

4.309(T_g/10^4)^{−0.6166} 1 + 0.6703(T_g/10^4)^{0.5300} cm^3 s^{−1} (4) β = ( m_ek_B T_g 2πh̄^2 )_{3/2} e^{−B1/kB Tg} α_2 (5) C_r =

Λ_α + Λ_{2s→1s}(1 − x)n_H Λ_α + (1 − x)n_H (Λ_{2s→1s} + βe^{hc/kB Tg λα} ) (6) where Λ_α = 8πH (1 + z) /λ^3_α, λ_α = 8πh̄c/3B_1 and B_1 = α^2m_ec^2/2. F = 1.14 is the fudge factor to take into account the non-equilibrium among higher energy levels of hydrogen [26]. Helium recombination can be ignored since it has no effect on the 21 cm signal. Solving equations (1-3) in a given cosmology gives the evolution of spin temperature with redshift. The change in the brightness temperature of the CMB at the corresponding wavelength is then given by [20, 27]

T_b =

(T_s − T_γ ) τ (1 + z) , τ = 3c^3h̄A_{10}n_H 16k_B ν^2_{21}HT_s

, (7)

where ν_{21} = k_B T_⋆/h ∼ 1420MHz. The brightness temperature is related to the observed intensity by the Rayleigh-Jeans formula T_b = I_ν c^2/2k_B ν^2, where I_ν is the specific intensity and ν is the frequency of observation.

There will also be fluctuations in T_s and T_b due to inhomogeneities in n_H and T_g which are related to the primordial inhomogeneities in the gravitational potential [17, 18]. The angular power spectrum is then given by C_l(z) = ⟨a_{lm}a^∗_{lm}⟩, where a_{lm} are the expansion coefficients in the spherical harmonic expansion of δT_b =

T_b − T̄_b, where T̄_b is the mean brightness temperature. We follow [18] in our calculations. The baryon power spectrum is calculated using CMBFAST [28]. Effect of change in α. — A different α during recombination affects the CMB power spectrum due to Thomson scattering of photons through equation (3) and the Thomson scattering cross section [29, 30]. As with CMB we ignore the variation in the fudge factor, F , with α in Eq. (3) since its effect is negligible. The crucial point is that for the 21 cm transition, there is the following additional dependence on α in equations (1), (2) and (7). The Einstein A Coefficient is given by A_{10} = 64π^4ν^3_{21}S_{21}/3hc^3g_2, where g_2 is the statistical weight of excited state, S_{21} = 3β^2_M , β_M = eh/4πm_ec being the Bohr magneton [31]. Now ν_{21} ∝ α^2R_∞ ∝ α^4 and T_⋆ ∝ ν_{21}, where R_∞ is the Rydberg’s constant. Thus we see that the spontaneous emission coefficient, A_{10} ∝ ν^3_{21}β^2_M ∝ α^{13}, is a very sensitive function of α.

The α dependence of the collisional de-excitation rate is more complicated. We use ab-initio calculations and asymptotic formulae for large separations of potential energy curves of the ground state and the first excited triplet state of hydrogen molecule to calculate the spin change collision cross sections [32, 33, 34, 35, 36, 37]. These are nothing but the total energy at a given separation in the clamped nuclei approximation or the expectation values of the electronic Hamiltonian, H_e, which has a kinetic energy term (T ) and a Coulomb potential term (V ):

H_e = T + V (8)

A change in the fine structure constant can be treated as a perturbation in the Coulomb potential (V ∝ α). Therefore if δ is the fractional change in alpha, so that α_{new} = α (1 + δ), then V_{new} = V (1 + δ). Now to first order in perturbation theory the expectation value of the new Hamiltonian is given by ⟨H_{new} ⟩ = ⟨T + V_{new}⟩ = ⟨H_e⟩ + δ⟨V ⟩. (9) In above the ⟨⟩ denote the expectation value over the unperturbed wavefunction everywhere. Also the change in the derivative to first order is given by δdV/dR. We estimate dV/dR by fitting a polynomial function to the V-R curve from the ab-initio calculations [32, 33, 34, 35, 36, 37]. Thus from the ab initio potential energy curve at unperturbed α, we can construct the first order corrections when α changes by a small amount. We first calculate the scattering phase shifts by integrating the partial wave equations and use them to calculate the scattering cross sections and the rate coefficients (κ^{HH}_{10} ) using the standard scattering theory [23, 24, 38, 39].

We checked our code by comparing our cross sections for unperturbed α with those calculated by Zygelman and Allison & Dalgarno [23, 24]. They agree to better than 1% for T_g > 40K and to 2% for 15K < T_g < 40K. The small error that we make at low temperatures is due to our ignoring the higher order effects which have been

FIG. 1: The fractional change in κ^{HH}_{10} with respect to the unperturbed value.

FIG. 2: Upper panel shows T_b with different values of α. Bottom panel shows the fractional change (T_b (α) − T_b)/T_b.

taken into account in the calculations in [24]. We verified that this small disagreement at low temperatures has a negligible effect on our results by repeating all the calculations using the cross sections in [23, 24] for unperturbed α. Fig. 1 shows κ^{HH}_{10} and the fractional change in κ^{HH}_{10} as a function of temperature for different values of α. Changes in κ^{eH}_{10} due to variation in α has negligible effect on T_b and can be ignored.

Results and Discussion. — We use ΛCDM cosmology with WMAP3 parameters [4] in our calculations. Fig. 4 shows the observable T_b as a function of observed redshift (z_{obs} ≡ ν^{now}_{21} /ν_{obs} − 1) where ν_{obs} is the observed frequency today. From Eq. (7) T_b ∝ A_{10}/ν^2_{21} ∝ α^5 giving ΔT_b/T_b = 5% for 1% change in α. This is approximately the change we see in fig. 4. Change in α also changes the coupling of T_s to T_γ which is opposite to the above mentioned α^5 effect. Also z_{obs} corresponds to different z for different values of α causing additional change in the signal. It is clear that the 21 cm brightness temperature is a sensitive probe of the variations in the fine structure constant. The maximum relative change in the brightness temperature (ΔT_b/T_b) is > 5% at z_{obs} < 50 for a 1% variation in α.

FIG. 3: Upper panel shows the angular power spectrum √ l(l + 1)C_l/2π at several redshifts. Bottom panel shows ( √ C_l (δα = −2%) − √ C_l)/ √ C_l for the same redshifts.

Variations in α also affects the power spectrum of the spatial fluctuations. This is shown in fig. 5 for δα = −2%. The amplitude of the fluctuations is proportional to T_b. Thus we expect the amplitude of the power spectrum to have similar dependence on α as T_b. There is however also contribution due to fluctuations in T_s due to inhomogeneities in n_H and T_g. This additional effect causes an increase in the sensitivity to variations in α compared to T_b at z_{obs} > 100 and a decrease in sensitivity at z_{obs} < 100. There is also a change in the sign of Δ √ C_l at z_{obs} ∼ 40 which is different from T_b, where this occurs at z_{obs} ∼ 280. This change in sign is characteristic of the α dependence.

The detectability of the signal is limited by noise due to foregrounds. The noise can be expressed in temperature units for a single aperture telescope [40] as T_N = T_{sys}/ϵ (Δνt_{int})^{1/2} where ϵ is the aperture efficiency which is close to unity, Δν is the bandwidth, t_{int} is the integration time and T_{sys} is the system temperature which at low frequencies is the temperature of the galactic foregrounds ∼ 19000K at 22 MHz in a quiet portion of sky [41]. T_N ∼ 1.4mK for Δν ∼ 4MHz and t_{int} = 2000hrs. This means that the sensitivity of a single station of a telescope like LWA [42] or LOFAR [43] can give a constraint on Δα of ∼ 0.85%, improving to ∼ 0.3% for the full LWA. The fundamental challenge to realizing this measurement is the required precision to which foregrounds have to be subtracted.

Although the foreground removal from the mean signal may prove to be impossible, this problem may be overcome by using the effect of δα on the angular power spectrum of fluctuations in the 21cm absorption. Several promising foreground removal strategies have been proposed in the literature [44, 45, 46, 47]. To obtain a similar sub-percent constraint from the angular power spectrum requires the higher sensitivity at small angular scales (T_N ∼ 0.1mK) of a larger telescope (for example a low frequency equivalent of SKA ,http://www.skatelescope.org) or much longer observation times [17]. This is likely to be feasible with future technological advancement.

This new probe is complementary to CMB and BBN since it is in a different redshift range and has the potential to provide constraints comparable to the CMB experiment Planck [12]. The 21 cm signal is of course also sensitive to the cosmological parameters. A 1% change in the baryon density, Ω_b, has a ∼ 2% effect on T_b while a 1% change in the Hubble parameter changes T_b by ∼ 3%. Similar change in the Helium fraction from BBN and the matter density, Ω_m, change T_b by < 0.5%. Future CMB[48] and large scale structure experiments [49, 50] will be able to determine these parameters to ∼ 1%. As seen earlier, the variation in the 21 cm signal due to variation in α shows a characteristic dependence on z. This is difficult to mimic by changing the cosmological parameters and provide a way to disentangle the two. In the power spectrum there will be additional degeneracy due to the initial conditions which might be difficult to separate. The 21 cm signal is also affected by variations in the gravitational constant (G) and the electron to proton mass ratio (μ). A complete treatment should consider variations in all the constants simultaneously.

We note that the 21 cm observations can also provide a test for the spatial variations of α. This can then be used, in principle, to probe the spatial perturbations in the dark energy in the framework of theories of quantum gravity which relate α to dark energy.

Acknowledgments. — We are grateful to Prof. Ben Mc- Call, Prof. Todd Martinez and Prof. Bernard Zygelman for help in understanding the quantum chemistry calculations of the collision cross sections. We also thank Prof. Ed Sutton and Antony Lewis for helpful discussions and comments. This work was partially supported by University of Illinois.

[1] P. A. M. Dirac, Nature (London) 139, 323 (1937). [2] P. A. M. Dirac, Proc. R. Soc. A 165, 199 (1938). [3] J.-P. Uzan, Rev. Mod. Phys. 75, 403 (2003). [4] D. N. Spergel et al., astro-ph/0603449. [5] S. M. Carroll, Phy. Rev. Lett. 81, 3067 (1998). [6] T. Chiba and K. Kohri, Prog. Theor. Phys. 107, 631 (2002).

[7] D. Parkinson, B. A. Bassett, and J. D. Barrow, Phys.

Lett. B 578, 235 (2004).

[8] J. K. Webb et al., Phy. Rev. Lett. 87, 091301 (2001). [9] M. T. Murphy, J. K. Webb, and V. V. Flambaum, Mon.

Not. R. Astron. Soc. 345, 609 (2003).

[10] H. Chand et al., Astron. Astrophys. 451, 45 (2006). [11] K. Ichikawa, T. Kanzaki, and M. Kawasaki, Phys. Rev.

D 74, 023515 (2006).

[12] G. Rocha et al., Mon. Not. R. Astron. Soc. 352, 20 (2004).

[13] P. P. Avelino et al., Phys. Rev. D 64, 103505 (2001). [14] R. H. Cyburt, B. D. Fields, K. A. Olive, and E. Skillman, Astroparticle Physics 23, 313 (2005).

[15] C. J. Hogan and M. J. Rees, Mon. Not. R. Astron. Soc.

188, 791 (1979).

[16] D. Scott and M. J. Rees, Mon. Not. R. Astron. Soc. 247, 510 (1990).

[17] A. Loeb and M. Zaldarriaga, Phy. Rev. Lett. 92, 211301 (2004).

[18] S. Bharadwaj and S. S. Ali, Mon. Not. R. Astron. Soc.

352, 142 (2004).

[19] S. R. Furlanetto, S. P. Oh, and F. H. Briggs, Physics Reports 433, 181 (2006).

[20] G. B. Field, Proc. IRE 46, 240 (1958).

[21] C.-P. Ma and E. Bertschinger, Astrophys. J. 455, 7 (1995).

[22] P. J. E. Peebles, Astrophys. J. 153, 1 (1968). [23] A. C. Allison and A. Dalgarno, Astrophys. J. 158, 423 (1969).

[24] B. Zygelman, Astrophys. J. 622, 1356 (2005). [25] S. Furlanetto and M. Furlanetto (2006), astroph/0608067.

[26] S. Seager, D. D. Sasselov, and D. Scott, Astrophys. J.

Lett. 523, L1 (1999).

[27] G. B. Field, Astrophys. J. 129, 525 (1959). [28] U. Seljak and M. Zaldarriaga, Astrophys. J. 469, 437 (1996).

[29] M. Kaplinghat, R. J. Scherrer, and M. S. Turner, Phys.

Rev. D 60, 023516 (1999).

[30] S. Hannestad, Phys. Rev. D 60, 023515 (1999). [31] J. P. Wild, Astrophys. J. 115, 206 (1952). [32] A. Dalgarno and R. McCarroll, Proc. R. Soc. A 237, 383 (1956).

[33] C. Herring and M. Flicker, Phys. Rev. 134, A362 (1964). [34] D. Frye, G. C. Lie, and E. Clementi, J. Chem. Phys. 91, 2366 (1989).

[35] W. Kolos and J. Rychlewski, J. Mol. Spectrosc. 143, 237 (1990).

[36] L. Wolniewicz, J. Chem. Phys. 99, 1851 (1993). [37] L. Wolniewicz, J. Chem. Phys. 103, 1792 (1995). [38] N. F. Mott and H. S. W. Massey, The theory of atomic collisions (Oxford science publications, Oxford, 1965).

[39] A. Dalgarno, Proc. R. Soc. A 262, 132 (1961). [40] J. D. Kraus, Radio astronomy (Cygnus-Quasar Books, Powell, 1986).

[41] R. S. Roger, C. H. Costain, T. L. Landecker, and C. M.

Swerdlyk, Astron. Astrophy. Suppl. Ser. 137, 7 (1999). [42] URL http://lwa.unm.edu. [43] URL http://www.lofar.org.

[44] M. G. Santos, A. Cooray, and L. Knox, Astrophys. J.

625, 575 (2005).

[45] M. F. Morales and J. Hewitt, Astrophys. J. 615, 7 (2004).

[46] X. Wang, M. Tegmark, M. Santos, and L. Knox (2005), astro-ph/0501081.

[47] M. Zaldarriaga, S. R. Furlanetto, and L. Hernquist, Astrophys. J. 608, 622 (2004).

[48] URL http://www.rssd.esa.int/Planck. [49] URL http://www.darkenergysurvey.org.

[50] URL http://www.lsst.org.

APPENDIX

Plots corresponding to figures 2 and 3 but plotted and compared at actual redshift z. They are also available as EPAPS Document No. E-PRLTAO-98-004710, http://www.aip.org/pubservs/epaps.html.

FIG. 4: Upper panel shows T_b with different values of α at actual redshift z. Bottom panel shows the fractional change (T_b (α) − T_b)/T_b.

FIG. 5: Upper panel shows the angular power spectrum √ l(l + 1)C_l/2π at several redshifts. Bottom panel shows ( √ C_l (δα = −2%) − √ C_l)/ √ C_l for the same redshifts, each compared at actual redshift z.