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ABSTRACT
Primordial magnetic �elds (PMF) damp at scales smaller than the photon di� usion and free-
streaming scale. This leads to heating of ordinary matter (electrons and baryons), which a� ects
both the thermal and ionization history of our Universe. Here, we study the e� ect of heating
due toambipolar di� usionanddecaying magnetic turbulence. We �nd that changes to the
ionization history computed withrecfast are signi�cantly overestimated when compared
with CosmoRec. The main physical reason for the di� erence is that the photoionization coe� -
cient has to be evaluated using the radiation temperature rather than the matter temperature. A
good agreement withCosmoRecis found after changing this aspect. UsingPlanck2013 data
and consideringonly the e� ect of PMF-induced heating, we �nd an upper limit on the r.m.s.
magnetic �eld amplitude ofB0 . 1:1 nG (95% c.l.) for a stochastic background of PMF with
a nearly scale-invariant power spectrum. We also discuss uncertainties related to the approxi-
mations for the heating rates and di� erences with respect to previous studies. Our results are
important for the derivation of constraints on the PMF power spectrum obtained from mea-
surements of the cosmic microwave background anisotropies with full-missionPlanckdata.
They may also change some of the calculations of PMF-induced e� ects on the primordial
chemistry and 21cm signals.
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1 INTRODUCTION

The damping of primordial magnetic �elds (PMF) heats electrons
and baryons through dissipative e� ects (Jedamzik et al. 1998; Sub-
ramanian & Barrow 1998). This causes two interesting signals in
the cosmic microwave background (CMB). One is due to the ef-
fect on the CMB spectrum: the extra energy input from dissipat-
ing PMF through the electrons leads to up scattering of CMB pho-
tons, creating ay-distortion (see Chluba & Sunyaev 2012; Chluba
2014, for recent overview on distortions) after recombination, with
y-parameter up toy ' few � 10� 7 (Jedamzik et al. 2000; Sethi &
Subramanian 2005; Kunze & Komatsu 2014, 2015). The second
signal is seen as a change of the CMB anisotropies (Sethi & Sub-
ramanian 2005; Kunze & Komatsu 2014, 2015): the damping of
PMF heats electrons above the CMB temperature. This reduces the
e� ective recombination rate of the plasma, leading to a delay of re-
combination and modi�cations of the Thomson visibility function.
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The changes of the CMB anisotropy power spectra caused by
PMF-induced heating adds to the e� ects of PMF on the Einstein-
Boltzmann system of cosmological perturbations1. The latter ef-
fects have been subject of several investigations (see Giovannini
2006, for review) and were used to derive upper limits on the PMF
amplitude smoothed on 1 Mpc scale ofB1 Mpc . few � nG with
pre-Planck(Paoletti & Finelli 2011; Shaw & Lewis 2012; Paoletti
& Finelli 2013) andPlanck (Planck Collaboration et al. 2014c,
2015) data. In this paper, we discuss limits on the PMF ampli-
tude usingPlanck2013 data (Planck Collaboration et al. 2014a,b),
only considering the e� ect of PMF-induced heating on the CMB
anisotropies caused by changes in the ionization history.

Previously, an approach similar torecfast (Seager et al.
2000) was used to estimate the e� ects on the CMB energy spec-
trum and CMB anisotropies (e.g., Kunze & Komatsu 2014). While
for the standard cosmology (Bennett et al. 2003; Planck Collab-
oration et al. 2014c),recfast reproduces the calculations of de-

1 In the standard treatment of magnetically induced cosmological pertur-
bations, PMF contribute to energy density, pressure terms and and generate
a Lorentz force on baryons.
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tailed recombination codes likeCosmoRec(Chluba & Thomas
2011) andHyRec(Ali-Ha�̈moud & Hirata 2011) very well (Shaw
& Chluba 2011), it was not developed for non-standard scenarios.
We �nd that the e� ect of heating by PMF on the ionization his-
tory is overestimated because the photoionization coe� cient inside
recfast is evaluated using the electron temperature,Te. Physi-
cally, the heating does not alter the CMB blackbody signi�cantly.
Thus, the photoionization coe� cient should be evaluated using the
CMB blackbody temperature, as discussed in Chluba et al. (2010)
and also done in Sethi & Subramanian (2005). When comparing to
CosmoRec, we �nd that after this modi�cation the agreement be-
comes very good. We also con�rmed that collisional ionizations of
both hydrogen and helium remain negligible until electron temper-
aturesTe ' 104 K at redshiftz . few� 102 are reached. This is only
achieved for signi�cant PMF heating by strong �elds, in excess of
current limits on the magnetic �eld amplitude of a few nG. Thus
the main e� ect that changes the ionization history, is a reduction of
the recombination rate due to the higher electron temperature rather
than extra ionizations.

Our computations have two implications for the CMB. Firstly,
the e� ect on the CMB power spectra from heating by PMF is re-
duced signi�cantly. This implies that expected limits on the spectral
index and amplitude of PMF derived from CMB anisotropy mea-
surements become weaker. Secondly, the departure of the electron
temperature from the CMB temperature increases, because Comp-
ton cooling is reduced. Still, we �nd that the di� erence in they-
distortion signal from heating by PMF is not as large, since reduc-
tion of the free electron fraction and increase of the electron tem-
perature more or less cancel each other (overall the same amount of
energy is transferred to the CMB). The aspects discussed here may
also be relevant to computations of the e� ect of PMF on the primor-
dial chemistry (e.g., Schleicher et al. 2008a,b) and 21cm signals
(e.g., Schleicher et al. 2009; Sethi & Subramanian 2009). Modi�ed
versions ofCosmoRecandrecfast++ , which include heating by
PMF will be made available atwww.Chluba.de/CosmoRec.

2 COMPUTATIONS OF THE IONIZATION HISTORY

We consider a stochastic background of non-helical PMF charac-
terized by

hBi(k)B�
j (h)i = (2� )3 � (3)(k � h) Pi j (k) PB(k)=2; (1)

wherePi j (k) = � i j � k̂i k̂j andPB(k) = A knB determines the PMF
power spectrum, with amplitude,A, and spectral index,nB. As
a measure for the comoving integrated squared amplitude of the
PMF, B2 = B2

0=a4, we consider the treatment adopted by Kunze &
Komatsu (2014):

B2
0 =

D
B2

E
=

A
2� 2

Z 1

0
dk knB+2 exp

"
�

2k2

k2
D

#
=

A k(nB+3)=2
D

2
nB+5

2 �
�

nB+3
2

� ; (2)

where a Gaussian �lter is used and the damping scale is given by
Kunze & Komatsu (2014):

kD � 286:91(nG=B0) Mpc� 1: (3)

We use the CGS conventions, i.e.h� Bi = B2
0=8� is the average co-

moving magnetic �eld energy density.
To include the e� ect of dissipation from PMF, we follow the

procedure of Sethi & Subramanian (2005) and Kunze & Komatsu
(2014, henceforth, KK14). We implemented both the heating (� �
dE=dt � released energy per volume and second) byambipolar

di� usionanddecaying magnetic turbulence(see Appendix A for
additional details). The PMF heating has to be added to the electron
temperature equation with

dTe

dt
= � 2HTe +

8� TNe � 

3mecNtot
(T � Te) +

�
(3=2)kNtot

: (4)

Here,H(z) denotes Hubble rate,Ntot = NH(1 + fHe + Xe) the num-
ber density of all ordinary matter particles that share the thermal
energy, beginning tightly coupled by Coulomb interactions;NH is
the number density of hydrogen nuclei,fHe � Yp=4(1� Yp) � 0:079
for helium mass fractionYp = 0:24; Xe = Ne=NH denotes the free
electron fraction and�  = aRT4

 � 0:26 eV(1+ z)4 the CMB energy
density. The �rst term in Eq. (4) describes the adiabatic cooling
of matter due to the Hubble expansion, while the second term is
caused by Compton cooling and heating. The last term accounts
for the PMF heating. Notice that the last two terms in Eq. (4) di� er
slightly from those presented in earlier works (e.g., Sethi & Sub-
ramanian 2005). One reason is that the heat capacity contribution
from helium was neglected so that for the Compton cooling term
Ntot � NH(1+ Xe). Secondly, for the PMF-induced heating term, the
thermal energy was distributed only among the hydrogen atoms,
Ntot � NH = Ne=Xe, although even without helium, the free elec-
trons contribute. However, we �nd that this only changes the free
electron number by� Ne=Ne ' 10%� 20% in the freeze-out tail.

We modi�ed bothrecfast++ (which by default is meant to
reproduce the original version ofrecfast ) andCosmoRecto in-
clude the e� ects of heating by magnetic �elds. Forrecfast++ , we
can separately adjust the computation of the photoionization coef-
�cients for hydrogen and helium. In the default setting, they are
evaluated using the matter temperature,T = Te, as inrecfast .
From the physical point of view, the photoionization coe� cient,
� ic, of an atomic leveli is a function of both photon and elec-
tron temperatures,T and Te, respectively. The dependence on
the electron temperature enters through Doppler boosts. Even for
high electron temperatures, this correction can be neglected, so
that one has� ic = � ic(T ; Te) � � ic(T ) � 4�

R B� (T )
h� � ic(� ) d� ,

whereB� (T ) is the CMB blackbody intensity (e.g., Seager et al.
2000). Clearly, without signi�cant distortions of the CMB radia-
tion �eld, this expression directly con�rms that the photoionization
rate,Ric = Ni � ic(T ), whereNi is the population of the leveli of the
atom, depends only on the photon temperature. Thus, the e� ective
(case-B) photoionization rate also only depends on the photon tem-
perature, a modi�cation that causes a big di� erence for the e� ect
of heating by PMF, as we show below.

In contrast to this, the photo-recombination coe� cient,� ci , to
atomic leveli mainly depends on the electron temperature, with a
smaller correction due to stimulated recombinations in the ambi-
ent CMB blackbody radiation �eld. This implies,� ci = � ci(Te; T ),
which for therecfast treatment is set to� ci � � ci(Te; T = Te).
For the detailed recombination calculations, this approximation
becomes inaccurate for highly excited levels (e.g., Chluba et al.
2007), changing the freeze-out tail of recombination at the per-
cent level (Chluba et al. 2007; Grin & Hirata 2010; Chluba et al.
2010). InCosmoRecandHyRec, the full temperature dependence
of the photo-recombination coe� cient is taken into account us-
ing an e� ective multi-level atom method (Ali-Ha�̈moud & Hirata
2010). When including heating by PMF, therecfast treatment
thus slightly overestimates the photo-recombination rate to each
level, since forT � Te stimulated recombinations are overesti-
mated when assumingT = Te. However, the di� erence is much
less important than the error caused by evaluating the photoioniza-
tion coe� cient forT = Te.
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2.1 Collisional ionization

The exponential dependence on the ionization potential suppresses
the e� ect of collisional ionization from the ground state, so that
in the standard computation they can be neglected (Chluba et al.
2007). Since at low redshifts (z . 800) the electron temperature
can be pushed quite signi�cantly above the CMB photon tempera-
ture by heating processes (lower panels in Fig. 1 and 2), it is impor-
tant to check if collisional ionizations by electron impact2 become
e� cient again. Using the �ts of Bell et al. (1983)

dN1s;HI

dt
� � 5:85� 10� 9T1=2

4 e� TH=Tcm3 s� 1 N1s;HI Ne

dN1s;HeI

dt
� � 2:02� 10� 9T1=2

4 e� THe=Tcm3 s� 1 N1s;HeI Ne

with TH � 1:58 � 105 K, THe � 2:85 � 105 K and T4 = T=104 K,
whereT � Te, we con�rm that this e� ect can usually be neglected.
We nevertheless add these rates to the calculation whenever heat-
ing by PMF is activated and for very large heating (pushing the
electron temperature up toTe ' 104 K) they do become important
in limiting the maximal electron temperature. We also included the
cooling of electrons by the collisional ionization heating to ensure
the correct thermal balance.

2.2 Decaying magnetic turbulence

Using recfast++ with default setting, we are able to reproduce
the central panel in Fig. 10 of KK14 for decaying magnetic turbu-
lence. One example, forB0 = 3 nG andnB = � 2:9 is shown in
Fig. 1. We compare the standard recombination history (no extra
heating) with three cases obtained fromrecfast++ and the full
computation ofCosmoRec. The e� ect of reionization atz . 10 was
not included (see Kunze & Komatsu 2015, for some discussion),
as it does not a� ect our main discussion. The �rst agrees well with
the result of KK14, with a large change in the freeze-out tail of
the recombination history being found (dotted line). Modifying the
evaluation of the hydrogen photoionization rate toT = T gives a
smaller change (dash-dotted line). Also changing the evaluation of
the helium photoionization rate �nally gives the dashed line, with
a ' 5 times smaller e� ect on the freeze-out tail. Using the standard
recfast approach, the photoionization rate is thus overestimated
so that even helium is partially reionized. We �nd that after chang-
ing the evaluation of the photoionization rates toT = T the result
obtained withrecfast++ agrees to within' 10% with the detailed
treatment ofCosmoRec(solid/red line). This case is also fairly close
to the result form = 2(nB + 3)=(nB + 5) = 0:1(� nB ' � 2:9) shown
in Fig. 4 of Sethi & Subramanian (2005). The remaining di� erence
to CosmoRecis caused by stimulated recombination e� ects that are
not captured correctly with arecfast treatment.

Our computations show that the smaller e� ect on the free elec-
tron fraction allows the electron temperature to rise higher above
the photon temperature than with the defaultrecfast treatment
(see Fig. 1). This is because for a lower free electron fraction,
Compton-cooling becomes less e� cient. We �nd that in terms of
the Compton-y parameter, these two e� ects practically cancel each
other, leaving a di� erence at the level of. 5%. For instance, com-
puting they-parameter,y =

R k(Te� T )
mec2 � TNecdt, for B0 = 3 nG and

nB = � 2:9 using the defaultrecfast++ result we obtainy '
1:0 � 10� 7(B0=3 nG)2, while when evaluating the photoionization

2 Protons are heavier and thus slower, so that their e� ect is much smaller.

Figure 1. E� ect of heating by decaying magnetic turbulence on the ion-
ization history (upper panel) and electron temperature (lower panel) for
B0 = 3 nG andnB = � 2:9.

rates correctly we havey ' 9:7� 10� 8, corresponding to a' 4% ef-
fect. For larger spectral index, the di� erence becomes even smaller.
For B0 = 3 nG andnB = 0, we �nd y ' 5:4 � 10� 7(B0=3 nG)2

with a di� erence. 1% in the two treatments. The reason is that
for larger spectral index, most of the e� ect arises from higher red-
shifts (z ' 103), which are less sensitive to the evaluation of the
photoionization rates since Compton-cooling is still extremely e� -
cient, forcingTe ' T .

In the treatment of the heating by decaying magnetic turbu-
lence, we switch the e� ect on rather abruptly (� z=z ' 5%) around
zi ' 1088 following previous approaches (Sethi & Subramanian
2005; Schleicher et al. 2008b; Kunze & Komatsu 2014). Although
the e� ect of heating by decaying magnetic turbulence is not as
visible at early times (see Fig. 1), this approximation adds un-
certainty to the predictions of the CMB anisotropies since small
e� ects close to the maximum of the Thomson visibility function
can have a larger e� ect than similar changes in the freeze-out tail
(e.g., Rubĩno-Mart́�n et al. 2008; Farhang et al. 2012). For detailed
CMB constraints, this approximation should be improved, includ-
ing more detailed consideration of the time-dependence of the heat-
ing rate atz > zi ' 1088. For example, when changing from very
abrupt to more smooth transition between no heating and heating
at z ' zi , we �nd that the numerical result for theTT power spec-
trum at large scales (` . 200) is a� ected noticeably. However, in
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