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FIG. 9: One-dimensional posterior distribution for
∑

mi from
the PlanckTT+lowP dataset, for different assumptions on
TRH: TRH ≤ 15MeV (red), TRH = 15MeV (blue, basically
coinciding with the previous case), TRH ≤ 7 MeV (green),
TRH ≤ 6 MeV (magenta), TRH ≤ 5 MeV (cyan). We also
show a curve (black dashed) that reproduces the Planck col-
laboration results on

∑
mi for the ΛCDM+mν model, for

three neutrinos with equal mass.

[33, 34]), but it provides an interesting way to reduce the
radiation content of the Universe (Neff), leaving room
for relativistic particles whose abundance is quite con-
strained in the standard case, such as sterile neutrinos
[35–37]. The cosmological production of other possible
particles is also modified for very low reheating temper-
atures, for instance in the case of axions [38, 39].

We have carefully solved the thermalization of neutri-
nos in a low-reheating scenario, improving previous cal-
culations and taking into account the effect of three-flavor
neutrino oscillations. We have calculated the impact on
the production of light elements, which in the case of 4He
strongly depends on the inclusion or not of neutrino os-

cillations, as originally found in [8]. The BBN lower limit
on the reheating temperature is TRH(BBN) ≥ 4.1 MeV
(95% CL), and it is fixed by the observed abundance of
primordial deuterium. This value is larger than the BBN
bounds found in previous analyses [1–5].

A slightly more stringent bound on the reheating tem-
perature can be obtained from the analysis of CMB
anisotropies. With the same basic dataset used by the
Planck collaboration for parameter estimation, we find
the lower limit TRH(CMB) ≥ 4.7 MeV (95% CL). At
the same time, the cosmological constraints on the total
neutrino mass are quite robust in a low-reheating sce-
nario, although, as expected, the bounds from Planck
are slightly relaxed for values of TRH below 10 MeV.
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Ricerca. SP and PFdS were supported by the Spanish
grants FPU13/03729, FPA2014-58183-P, Multidark
CSD2009-00064 and SEV-2014-0398 (MINECO), and
PROMETEOII/2014/084 (Generalitat Valenciana).
This research was also supported by a Spanish-Italian
MINECO-INFN agreement, ref. AIC-D-2011-0689.

[1] M. Kawasaki, K. Kohri, and N. Sugiyama, Phys. Rev.
Lett. 82, 4168 (1999).

[2] M. Kawasaki, K. Kohri, and N. Sugiyama, Phys. Rev. D
62, 023506 (2000).

[3] G.F. Giudice, E.W. Kolb, and A. Riotto, Phys. Rev. D
64, 023508 (2001).

[4] G.F. Giudice, E.W. Kolb, A. Riotto, D.V. Semikoz, and
I.I. Tkachev, Phys. Rev. D 64, 043512 (2001).

[5] S. Hannestad, Phys. Rev. D 70, 043506 (2004).
[6] G. Mangano et al., Nucl. Phys. B 729, 221 (2005).
[7] P.F. de Salas and S. Pastor, in preparation.
[8] K. Ichikawa, M. Kawasaki, and F. Takahashi, Phys. Rev.

D 72, 043522 (2005).
[9] K. Ichikawa, M. Kawasaki, and F. Takahashi, JCAP

0705, 007 (2007).
[10] F. De Bernardis, L. Pagano, and A. Melchiorri, As-

tropart. Phys. 30, 192 (2008).
[11] G. Mangano, G. Miele, S. Pastor, O. Pisanti, and

S. Sarikas, JCAP 1103, 035 (2011).
[12] G. Mangano, G. Miele, S. Pastor, O. Pisanti, and

S. Sarikas, Phys. Lett. B 708, 1 (2012).
[13] O. Pisanti et al., Comput. Phys. Commun. 178, 956

(2008).
[14] N. Fornengo, C.W. Kim, and J. Song, Phys. Rev. D 56,

5123 (1997).
[15] G. Mangano, G. Miele, S. Pastor, and M. Peloso, Phys.

Lett. B 534, 8 (2002).
[16] G. Sigl and G. Raffelt, Nucl. Phys. B 406, 423 (1993).
[17] B.H. McKellar and M.J. Thomson, Phys. Rev. D 49,

2710 (1994).
[18] S. Pastor, T. Pinto, and G.G. Raffelt, Phys. Rev. Lett.

102, 241302 (2009).
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