The Signature of Neutrinos on the Lyman-α Forest

author1^1, author2^2, author3^3, and author4^4 1affiliation 1 1affiliation 2 3affiliation 3 and 4affiliation 4

We quantify the impact that massive neutrinos have on the distribution of low density and high redshift regions of the Intergalactc Medium as probed by the Lyman-α forest. We run hydrodynamic simulations that include dark matter, baryons and neutrino particles and extract mock quasar (QSO) spectra. We find that the distribution of the low baryon density regions is strongly affected by the Ων value, once the amplitude of the matter power spectrum is fixed at large scales. Based on our findings, we propose a new sensitive method to measure neutrino masses by using QSO spectra.

PACS numbers:

Introduction. Neutrino oscillation experiments pointed out that neutrinos are not massless particles. Since then a huge effort has been made to measure and constraint neutrino masses over the last years.

Current experimental bounds constraint the electron neutrino mass to be below m_ν < 2.05−2.3 eV [1, 2], while cosmology bounds for the sum of all neutrino masses are still significantly stronger. Constraints from WMAP7 alone yield to m_ν < 1.3 eV [3], while combinations of these results with LSS studies put limits on m_ν < 0.3 eV [4, 5, 6, 7]. The current tightest constraint in the form of a 2σ upper limit is m_ν < 0.17 eV, comes by combining CMB, Large Scale Structure (LSS) and the Lyman-α[8]. Among all the different observables the Lyman-α forest is particularly constraining since it probes structures over a wide range of redshift, in a mildly non-linear regime and at small scales, where the neutrino signature is present [9].

As an additional mass contribution neutrinos play an important role for structure formation. Their large velocity dispersion make them behave in a very different way from the common cold dark matter (CDM) particles like neutralinos. These velocities produce a suppression in the small scale matter power spectrum, making the shape of the total mass power spectrum a potential probe for neutrino masses. On scales much smaller than the free-streaming length of neutrinos, the rela-

tive suppression is given by [9] | | |^{ΔP (k)}P (k) | | | ≃ 8^{Ων}Ωm , where Ω_ν h^2 = (Σm_ν )/(93.14 eV).

Some previous works have studied the role of neutrinos in dark matter halos [10, 11, 12], cosmology [13, 14, 15] and intracluster medium [16], using both linear approaches and N-body/hydrodynamic techniques, to properly model the non-linear regime. Indeed it has been shown that at scales 1-10 h^{−1} Mpc the non-linear suppression is redshift and mass dependent in a way that is different from a naive extrapolation of linear theory. At these scales also baryons are expected to impact significantly on the matter power spectrum and thereby this regime has to be addressed with simulations that do include baryonic physics.

In this paper we study the effect that neutrinos produce in hydrogen low density regions, that we label as voids. The impact that neutrinos have in dark matter halos is not large, as previous studies have demonstrated [10, 11, 12]. The reason is that large neutrino thermal velocities prevent them to cluster significantly in halos, making their contribution there very small. In contrast, the impact of neutrinos in void properties can be expected to be stronger. In this paper we define voids as under dense regions with overdensities δ = ρ_m/ρ̄_m−1 < 0 and sizes ranging from few to ∼ 30 Mpc/h [17].

Here we aim to study the effect of neutrinos on the low density hydrogen gas populating the voids. We probe this regime by looking at the Lyman-α forest. The Lyman-α forest is a powerful tool used to constraint cosmological parameters and probe the nature of dark matter among others (for a Lyα review see [18, 24]). Lyman-α voids and their dependence on cosmological parameters have been studied in [19]. In this paper, we focus on the dependence of void properties on the sum neutrino masses. By introducing a new and simple statistical tool, we restrict ourself to the study of low density regions, that sample most of the IGM volume, and demonstrate that neutrino masses have a significant impact on the Lyman-α signature of these regions.

Numerical Method. We run cosmological simulations using the Tree-SPH code GADGET-3 [20], which has been extended to include neutrinos in two different ways: either by solving their potential on the mesh or by representing them as discrete particles [15]. Here, we use the first implementation and we refer to [13, 14, 15] for a critical comparison of the two methods. Our simulations consist of 2 × 512^3 CDM plus gas particles sampling a periodic box of 512 h^{−1}Mpc. We use the flat ΛCDM model with cosmological parameters Ω_{CDM} + Ω_ν = 0.25, Ω_Λ = 0.7, Ω_b = 0.05, h = 0.7 and n_s = 1. We consider three degenerates neutrino species with total mass Σm_ν = 0.0 eV, Σm_ν = 0.3 eV and Σm_ν = 0.6 eV .

FIG. 1: Power spectrum for the different neutrino masses and σ8 at z = 0 (upper lines) and z = 3 (bottom lines).

The power spectrum is produced using the code CAMB^1 and for the main set of simulations normalized at 0.002 h/Mpc, the power at the CMB scale is the same for all neutrino masses. This produces different values for σ_8 = 0.877, 0.806, 0.732 at z = 0 for the models with Σm_ν = 0.0, 0.3, 0.6 eV respectively. In the initial conditions at z = 99 the different particles species get their power spectrum as read from the outputs of CAMB. FV I would say the redshift at which these simulations star (z=49??)

For each simulation we consider the snapshots at z = 2.2 and z = 4 that bracket the Lyman-α forest range of QSO observed spectra. For each snapshot we take 4500 random line of sight (RLOS) uniformly distributed in each direction, i.e. 1500 RLOS in each x, y, z direction. For each RLOS we extract the baryon overdensity ρ_b(r)/ρ_b and the peculiar velocity V_p(r) along the line of sight and then compute the flux decrement e^{−τ (u)} in redshift space (u in km/s), where τ is the optical depth, by using the Fluctuating Gunn Peterson Approximation:

τ(u) = A

∫_{+∞} −∞ dx δ[u − x − V_p(x)] ( ρ_b(x) ρ_b

)_{1.6} , (1)

being x = H(z)r/(1 + z) the redshift space coordinate and A is a factor that depend on the universe thermal history [21]:

1 http://camb.info/

FIG. 2: In the top and middle panels we plot, in real space, the baryon overdensity ρ_b/ρ_b and the peculiar velocity along a RLOS. In the bottom panel we plot the flux suppression e^{−τ} , in units of the mean flux < F >, in redshift space.

A = 0.433 ( 1 + z 3.5 )_6( Ω_bh^2 0.02

)_2( 0.65 h )( 3.68H_0 H(z) ) × ( 1.5 × 10^{−12}s^{−1} Γ_{HI} )( 6000K T_0

)_{0.7} , (2)

with Γ_{HI} the hydrogen photoionization rate. In all our calculations we use Γ_{HI} = 10^{−12} s^{−1} and T_0 = 10^4 K. The exponent in ρ_b/ρ_b arises by making use of the IGM equation of state T = T_0(ρ_b/ρ_b)^α [22] with α ∼ 0.6. We neglect both effects of thermal broadening and time dependence of Γ_{HI} and T_0, since we are only interested in the relative differences between different neutrino and neutrinoless simulations that do share the same thermal history. Finally, we smooth the flux over a scale of 1 h^{−1} Mpc which is larger than the Jeans length to avoid sensitivity to substructure below the Jeans scale which is affected by numerical resolution and astrophysical processes (e.g. feedback from galactic winds).

In Figure 2 we show the baryon overdensity ρ_b/ρ_b and the peculiar velocity V_p extracted along a RLOS as a function of the comoving coordinate r together with the corresponding flux decrement e^{−τ} , computed as described above, in units of the mean flux at redshift z (< F >= 0.0023(1 + z)^{3.65} [23]) in redshift space (i.e. including peculiar velocities).

Analysis of the simulations. We focus our analysis on regions at low baryon density, because we expect neutrinos to have the largest effect there. For this purpose, we study the properties of low absorption regions. By region we mean a continuous domain in the transmitted flux profile which remains always above a given threshold. The higher the threshold, the lower the absorption in that region. For each RLOS we extract the transmitted flux from ρ_b/ρ_b and V_p and count the number of

FIG. 3: Number of regions above threshold PDF (probability distribution function) as a function Ων and σ8 for z = 2.2 (left) and z = 4 (right) for a threshold e^{−τ} / < F >= 1.12, where < F >= 0.0023(1 + z)^{3.65}. The PDFs have long tails with a very low probability that extend until around 50.

regions above a selected threshold. This results in a statistical estimate of the low absorption contribution to the Lyman-α signal, and allows us to quantify the impact of neutrinos on such low density regions.

In Figure 3 we plot the probability distribution function (PDF ) for the number of regions above a threshold of e^{−τ} / < F >= 1.12 for three different neutrino masses (Σm_ν = 0.0, 0.3, 0.6 eV ) at redshifts z = 2.2 (left) and z = 4.0 (right). The PDFs typically have a long tail that extends up to ∼ 50−60 with a negligible probability (not shown in the figure). We have checked that these PDF do not change if we increase the number of RLOS, i.e. our statistical sample of RLOS is large enough. Fig. 3 shows that the neutrino mass has a significant impact on the mean of the distributions.

In Figure 4 we plot this mean, i.e. the average number of regions above a given threshold, as a function of the threshold for three different neutrino masses (Σm_ν = 0.0, 0.3, 0.6 eV ) at redshift z = 2.2 (left) and z = 4.0 (right). This shows clearly that the higher the threshold, the larger the differences between neutrino cosmologies: larger differences are thus expected in the low density IGM.

σ_8-Ω_ν degeneracy. In order to investigate the degeneracy between σ_8 and Ω_ν we run a simulation with Σm_ν = 0.6 eV and σ_8 = 0.877 (i.e. the same σ_8 as the previous simulation with Σm_ν = 0.0 eV ). This would mimick the case for which σ_8 is measured independently and one would like to constrain Ω_ν . We find that the PDF for the number of regions above a threshold equals to 1.12, at z = 2.2 is close to the one with Σm_ν = 0.0 eV (see Fig. 3), but not identical. Larger differences between these two models take place by comparing the PDFs at z = 4.0. At this redshift, relatives differences are of the same order of those from Σm_ν = 0.0 eV: σ_8 = 0.877 and Σm_ν = 0.3 eV σ_8 = 0.806. I want to say that relative difference between models (0.0eV, 0.877) and (0.6eV, 0.877) is similar to the one for mod-

FIG. 4: Average number of regions as a function of threshold at redshift z = 2.2 (left) and z = 4 (right) for three different neutrino masses.

els (0.0eV, 0.877) and (0.3eV, 0.806). Eliminate that sentence if it is still confusing

Given that neutrinos affect the growth factor, we conclude that the degeneracy between σ_8 and Ω_ν can be broken by looking at the different models PDFs at different redshifts.

Convergence. We explicitly checked the convergence of our results by changing the number of dark matter and SPH particles. We run simulations with Σm_ν = 0.0, 0.6 eV and σ_8 = 0.877, 0.732 respectively but half number of gas and CDM particles than our fiducial simulations. Relative differences between the different neutrino cosmologies are converged at our fiducial resolution, although individual PDFs are not yet converged.

Discussion and Conclusion. We have presented a novel and simple method to measure neutrino masses by studying the properties of low density regions in Lyman-α forest QSO spectra. We find that the number of regions above a given threshold in the flux is strongly affected by neutrinos, especially once the amplitude of matter power is fixed at large (CMB) scales.

We have also shown that we can break the σ_8 − Ω_ν degeneracy by looking at the redshift evolution of low density regions in the Lyman-α forest flux.

Our method can be used to constraint neutrino masses by measuring the average number of regions as a function of threshold. We demonstrate this in Fig. 5, where we we plot the average number of regions as a function of the threshold at z = 2.2 for three cosmological models with Σm_ν = 0.0, 0.3, 0.6 eV and σ_8 = 0.877, 0.806, 0.732 respectively. From the simulation with Σm_ν = 0.0 eV and σ_8 = 0.877, we create a mock catalog of 20 RLOS. The black dashed line in Figure 5 shows the mean number of regions above the threshold from the mock catalog. We find that with 20 RLOS the statistical error is small enough to distinguish between different neutrino masses. We point out that with this number of RLOS the error is not small enough to distinguish models with Σm_ν = 0.0 eV-σ_8 = 0.877 and Σm_ν = 0.6 eV-σ_8 = 0.877. The best way to distinguish between these two models would be to

FIG. 5: Mean number of regions as a function of threshold at redshift z = 2.2 for three neutrino masses. The black dashed line shows the results from a mock catalog of 20 RLOS taken from the simulation with Σmν = 0.0 eV and σ8 = 0.877.

add more QSO spectra and to combine results at different redshifts.

Although regions at high transmissivity are prone to systematic errors (such as for example the continuum fitting procedure which is one of the main uncertainty/systematic effect in measuring the flux around one), we believe that statistics of large-scale voids such as the one presented here could be important for coming and on-going QSO spectroscopic surveys [25]. Furthermore, the physics of the IGM could impact on the void properties and different thermal/ionization history would affect flux statistics and thus the distribution of voids. However, we do not expect that properties of large voids like the one considered here can be affected strongly [19]. The neutrino signature should however not be correlated with the redshift evolution of IGM physical properties.

Acknowledgements: Simulations were run at the Darwin Supercomputer center HPCF in Cambridge (UK). FVN thanks ITC/Harvard for hospitality during the course of this work. FVN is supported by Spanish government under JAE-Predoc 2008 fellowship. MV is supported by grants: ASI/AAE, INFN/PD51, ASI/EUCLID, ERC-StG “cosmoIGM”, PRIN-INAF 2009, PRIN-MIUR.

[1] V. M. Lobashev, Nucl. Phys. A 719, 153 (2003).

[2] C. Kraus et al., Eur. Phys. J. C 40, 447 (2005) [arXiv:hep-ex/0412056].

[3] E. Komatsu et al. [WMAP Collaboration], Astrophys. J.

Suppl. 180, 330 (2009) [arXiv:0803.0547 [astro-ph]]. [4] S. Wang, Z. Haiman, W. Hu, J. Khoury and M. May, Phys. Rev. Lett. 95, 011302 (2005) [arXiv:astroph/0505390].

[5] S. A. Thomas, F. B. Abdalla and O. Lahav, Phys.

Rev. Lett. 105, 031301 (2010) [arXiv:0911.5291 [astroph.CO]].

[6] M. C. Gonzalez-Garcia, M. Maltoni and J. Salvado, JHEP 1008, 117 (2010) [arXiv:1006.3795 [hep-ph]].

[7] B. A. Reid, L. Verde, R. Jimenez and O. Mena, JCAP 1001, 003 (2010) [arXiv:0910.0008 [astro-ph.CO]].

[8] U. Seljak, A. Slosar and P. McDonald, JCAP 0610, 014 (2006) [arXiv:astro-ph/0604335].

[9] J. Lesgourgues and S. Pastor, Phys. Rept. 429, 307 (2006) [arXiv:astro-ph/0603494].

[10] S. Singh and C. P. Ma, Phys. Rev. D 67, 023506 (2003) [arXiv:astro-ph/0208419].

[11] A. Ringwald and Y. Y. Y. Wong, JCAP 0412, 005 (2004) [arXiv:hep-ph/0408241].

[12] F. Villaescusa-Navarro, J. Miralda-Escude, C. Pena- Garay and V. Quilis, arXiv:1104.4770 [astro-ph.CO].

[13] J. Brandbyge and S. Hannestad, JCAP 0905, 002 (2009) [arXiv:0812.3149 [astro-ph]].

[14] J. Brandbyge, S. Hannestad, T. Haugboelle and Y. Y. Y. Wong, JCAP 1009, 014 (2010) [arXiv:1004.4105 [astro-ph.CO]].

[15] F. Marulli, C. Carbone, M. Viel, L. Moscardini and A. Cimatti, arXiv:1103.0278 [astro-ph.CO].

[16] M. Viel, M. G. Haehnelt and V. Springel, JCAP 1006, 015 (2010) [arXiv:1003.2422 [astro-ph.CO]].

[17] J. M. Colberg et al., arXiv:0803.0918 [astro-ph]. [18] M. Rauch, arXiv:astro-ph/9806286.

[19] M. Viel, J. M. Colberg and T. S. Kim, arXiv:0801.1105 [astro-ph].

[20] V. Springel, Mon. Not. Roy. Astron. Soc. 364, 1105 (2005) [arXiv:astro-ph/0505010].

[21] R. A. C. Croft et al., Astrophys. J. 581, 20 (2002) [arXiv:astro-ph/0012324].

[22] L. Hui and N. Y. Gnedin, Mon. Not. Roy. Astron. Soc.

292, 27 (1997) [arXiv:astro-ph/9612232].

[23] T. S. Kim, J. S. Bolton, M. Viel, M. G. Haehnelt and R. F. Carswell, arXiv:0711.1862 [astro-ph].

[24] A. A. Meiksin, Rev. Mod. Phys. 81, 1405 (2009) [arXiv:0711.3358 [astro-ph]].

[25] A. Slosar et al., arXiv:1104.5244 [astro-ph.CO].