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A B S T R A C T 

It is expected that cosmic rays (CRs) escape from high-redshift galaxies at redshift z ∼ 10–20 because CRs are accelerated by 

supernova remnants of the first stars. Although ultraviolet and X-ray photons are widely considered the main source of heating 

of the intergalactic medium, CRs can also contribute to it. When the CRs propagate in the intergalactic medium, in addition to 

the heating process due to CR ionization, resistive heating occurs due to the electron return current induced by the streaming 

CRs. We e v aluate the heating rate around a galaxy as a function of the distance from the galaxy. We find that the resistive heating 

induced by CRs dominates o v er the other heating processes in the vicinity of the galaxy ( r � 10 

2 kpc ) until the temperature 
reaches T ∼ 10 

4 K. We also recalculate the strength of the magnetic field generated by streaming CRs under the presence of 
X-ray heating and show that achieved strength can be about one order of magnitude smaller when the X-ray heating is included. 
The presence of the ‘first’ CRs could be confirmed from the characteristic signature of CR heating imprinted on the 21-cm line 
map in future radio observations. 

Key words: magnetic fields – plasmas – cosmic rays – intergalactic medium. 
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 I N T RO D U C T I O N  

ur Univ erse e xperienced the transition from a cold and neutral
tate to a hot and ionized state sometime in cosmic history. This
ransition phase is called the epoch of reionization (EoR) and is
onsidered to be caused by the radiation from stars and galaxies. 
ecause the first stars and galaxies are formed at redshift z ∼ 10–30

e.g. Bromm & Larson 2004 ; Bromm & Yoshida 2011 ), the EoR
egins around this era. The thermal and reionization history of the 
ntergalactic medium (IGM) can be touched with some observations 
see re vie w for McQuinn 2016 ). Lyman α forest observations indicate
hat the hydrogen reionization ended at z ∼ 6. Thomson scattering 
ptical depth for the cosmic microwave background (CMB) photons 
lso gives the measure for the reionization, and it suggests that the
niverse became ionized at z ∼ 10 (Planck Collaboration I 2020 ). 
In the standard picture, the reionization is accomplished by the 

ltraviolet (UV) photons from high- z galaxies, while X-rays also 
ontribute to the ionization. X-rays drive the global heating of the 
GM because they can propagate longer distances than UV photons. 
o we ver, the nature of X-ray emission in the early Universe is still
ighly unknown (McQuinn 2012 ). 
In addition to photoheating, heating by cosmic rays (CRs) is 

romising to raise the IGM temperature. The standard scenario of CR
cceleration in the current Universe is that a shock wave accelerates 
Rs in supernova remnants (SNRs; e.g. Blasi 2013 ). In the same
ay in the current galaxies, it is implied that SNRs of the first stars

lso accelerate CRs in spite of the weakness of the magnetic field
esponsible for CR acceleration (Ohira & Murase 2019 ). Because 
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he first SNRs emerge at z ∼ 20, CRs accelerated in them may take
art in the heating of the IGM. 
IGM heating by CRs is discussed in a few papers. Direct heating

y CRs, which is caused by Coulomb interaction between CRs and
esidual free electrons and by ionization of neutral atoms, is discussed 
n Sazonov & Sunyaev ( 2015 ) and Leite et al. ( 2017 ) and global
emperature increase of �T = 10 –200 K is inferred. Miniati & Bell
 2011 ) discussed the resistive heating induced by streaming CRs,
hile their main concern was magnetic field generation. Although 

hey calculated the temperature increase by resistive heating around 
 galaxy, they did not include the other heating mechanisms. Our
re vious work sho wed that the heating rate by resisti ve heating can
e significantly higher than that by direct heating (Yok o yama &
hira 2022 ). In this work, we reconsider the role of CRs in the

ocal heating of IGM around an individual galaxy, including both 
irect and resistive heating, and compare them with the other heating
rocesses. It will be shown that CR resistive heating can be dominant
n the vicinity of the galaxy until the temperature reaches T ∼ 10 4 K,
hile direct heating contributes to the heating far outside the galaxy.

n addition, we recalculate the magnetic fields generated by the 
echanism of Miniati & Bell ( 2011 ) under the presence of X-ray

eating and demonstrate that the field strength becomes about one 
rder of magnitude weaker than that in the absence of X-ray heating.
Recently, JWST began to shed light on the nature of high- z galaxies

e.g. Robertson 2022 ). Using the early data of JWST , the possibility
f the higher star formation efficiency and excess of bright galaxies
n a high- z environment has been already pointed out (e.g. Harikane
t al. 2023 ). Because the production of CRs in galaxies is certainly
orrelated with star formation, this implies high CR production 
fficiency and motivates us to understand the impact of CRs on
he evolution of the early Universe. The heating of the IGM can be
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nvestigated by radio observations of 21-cm hydrogen line. The 21-
m line reflects the gas temperature through the spin temperature.
he difference between the spin and CMB temperatures is observed
s the emission or absorption against CMB radiation (e.g. Furlanetto
006 ). The Experiment to Detect the Global EoR Signature claimed
hat the absorption much deeper than the prediction of theoretical

odelling was detected (Bowman et al. 2018 ), while the SARAS 3
xperiment reported its non-detection (Bevins et al. 2022 ). Future
adio observations such as Square Kilometre Array will solve this
onflict and reveal the properties of IGM in different redshifts (e.g.
oopmans et al. 2015 ). 
The rest of this paper is organized as follows. In Section 2 , we

xplain how streaming CRs induce resistive heating. Various sources
nd processes of IGM heating are discussed in Section 3 , where a
omparison between the resistive heating and the others is made.
iscussion is given in Section 4 , followed by the conclusion in
ection 5 . 

 PHYSICS  

efore discussing the heating around a galaxy, it is instructive to
e vie w the physical mechanism of resistive heating. We consider the
ystem where high-energy CRs stream through a thermal medium,
hat is, three-component plasma that consists of thermal protons
subscript p), thermal electrons (subscript e), and non-thermal CR
rotons (subscript CR). In order to cancel the electric current J CR 

arried by the streaming CRs, a flow of thermal electrons is induced,
hat is, the electric current J th = −J CR is produced. Although the
riction between CRs and thermal particles is negligible, the collision
etween thermal electrons and thermal protons is not negligible and
nduces a resistive electric field. When the collision between thermal
omponents is mediated by Coulomb collision, the resistivity is given
y the so-called Spitzer resistivity: 

C = 7 . 23 × 10 −9 log � 

(
T 

1 K 

)−3 / 2 

s , (1) 

here T is the temperature and log � is called the Coulomb
ogarithm, and we assume log � = 20 hereafter. This choice is
ot sensitive to the following discussion because of its logarithmic
ependence. Then, the induced electric field is given by Ohm’s law 

E = ηC J th = −ηC J CR . (2) 

his electric field induces the Joule heating of the plasma. For
he cosmological time-scale considered in this work, soon after the
lectrons are heated by the Joule heating, they exchange their energy
o protons and neutral hydrogens, and thermal equilibrium between
hem is quickly achieved. Then, the temperature evolution of the
as by this heating mechanism is described by the following energy
quation: 

d 

d t 

(
3 

2 
(1 + χe ) n H k B T 

)
= ηC J 

2 
CR . (3) 

 H is the number density of hydrogen, including ionized and neutral
nes. In this paper, we consider the gas composed only of hydrogen,
or simplicity. We also introduce the electron fraction χ e and describe
he electron and neutral hydrogen number densities as n e = χ e n H and
 H I = (1 − χe ) n H , respectively. Equation ( 3 ) describes the resistive
eating induced by streaming CRs and the heating rate depends on
he square of CR current density. In the next section, we estimate the
eating rate for the parameters around a galaxy and compare it with
he other heating mechanisms. 
NRAS 523, 3671–3677 (2023) 
 HEATI NG  A RO U N D  A  G A L A X Y  

e here discuss the local heating around a galaxy, simply assuming
hat the propagation of CRs is free streaming. This work will give a
ough estimate of the heating rate and temperature increase around
 galaxy. 

In this section, we first discuss the sources of photons and CRs
nd estimate their luminosities in Section 3.1 . Then, we enumerate
he possible heating mechanisms and the equations describing
he heating rates in Section 3.2 . The estimated heating rates and
emperature increase are given in Section 3.3 as a function of distance
rom a galaxy. Magnetic field generation is discussed in Section 3.4 .

.1 Photons and CRs from a galaxy 

.1.1 UV photons 

he stars formed in the high- z galaxy emit photons with UV energy.
hese photons ionize and heat the surrounding medium, making the
 II region around a galaxy. The maximum radius of this H II region is

oughly estimated by neglecting the recombination and by balancing
he UV photon number and hydrogen number included in the H II

egion. This makes the following estimate: 

 H II , max = 

(
3 N γ

4 πn H 

)1 / 3 

∼ 10 kpc , (4) 

here the radius is e v aluated at z ∼ 10 and measured in the proper
rame (e.g. Cen 2006 ; Loeb 2010 ). N γ is the total number of ionizing
hotons that escaped from the galaxy and it is estimated in Loeb
 2010 ). Because we neglected the recombination, the actual radius
oes not reach this value. Hereafter, we consider the heating of a cold
nd almost neutral region outside the H II region r > r H II ∼ 1 kpc .
e do not consider UV heating, assuming that UV photons cannot

enetrate into the region outside r H II and do not contribute to heating.

.1.2 X-ray photons 

lthough X-rays are widely recognized as the main contributor to
he global heating of IGM, there remains large uncertainty about the
-ray emitters in the early Universe. Furlanetto ( 2006 ) parametrized

he luminosity of X-ray L X as a function of star formation rate
SFR), based on the correlation between them in the nearby starburst
alaxies: 

 X = 3 . 4 × 10 40 erg s −1 

(
f X 

1 

) (
SFR 

1 M � yr −1 

)
, (5) 

ere, f X is introduced as a correction factor that co v ers the large
ncertainty about the nature of the X-ray sources in the early
niverse. There are several candidates for X-ray sources. In the

urrent Universe, high-mass X-ray binaries produce the bulk of high-
nergy photons of nearby galaxies. Although the number of X-ray
inaries in the high- z galaxies depends on the initial mass functions
nd metallicity, they can also be a dominant source of galactic X-rays
Furlanetto 2006 ; Mirabel et al. 2011 ). Inverse-Compton scattering
f CMB by non-thermal electrons that are accelerated in the SNRs
s another source of X-rays. Thermal emission from the SNR shock
an also produce soft X-ray photons (Johnson & Khochfar 2011 ;
cQuinn 2012 ). In addition, active galactic nuclei may contribute to

he X-ray emission from galaxies (McQuinn 2012 ). An even more
xotic contribution is expected if we consider the annihilation of
ark matter (Belikov & Hooper 2009 ). Because of this complexity,
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e adopt the simplified relation introduced by ( 5 ) and impose all the
ncertainties to the factor f X . 
Because the cross-section for photoionization depends on the 

requency ν of the incident X-ray, we assume a power-law spectrum 

 ν ∝ ν−α with α = 1.5 (Rephaeli, Gruber & Persic 1995 ; Furlanetto
006 ). The spectrum is normalized so that the integral over ν gives
he total X-ray luminosity L X given in equation ( 5 ). We introduce
he minimum and maximum X-ray energy as hνmin = 0 . 2 keV ,
nd hνmax = 10 keV , respectively, assuming that soft X-rays with 
ν � 0 . 2 keV are consumed in forming the H II region and do not
ropagate to r > 1 kpc . 

.1.3 Cosmic rays 

he most fa v oured mechanism to accelerate CRs is dif fusi ve shock
cceleration (DSA; Axford, Leer & Scadron 1977 ; Krymsky 1977 ; 
ell 1978 ; Blandford & Ostriker 1978 ). In order for DSA to operate,

t requires the existence of a collisionless shock wave and magnetic 
urbulence that scatters the CRs. Because the strength of the magnetic 
eld is highly unknown, whether DSA works in the early Universe 

s not trivial. Ohira & Murase ( 2019 ) investigated the SNRs of the
rst stars and accretion shocks, which are candidates of acceleration 
ystems in the early Universe, and showed that the SNR shock is
romising to accelerate the first CRs. They predicted that the first
Rs are accelerated to energies in the range of 3 MeV � E � 3 GeV .
ssuming that 10 per cent of the kinetic energy of the SNR is

onverted to that of CRs, corresponding to conversion efficiency 
 CR = 0.1, we can link the CR luminosity with SFR: 

 CR = 3 . 2 × 10 40 erg s −1 
(ε CR 

0 . 1 

) (
SFR 

1 M � yr −1 

)(
E SN νSN 

10 49 erg M �−1 

)
, 

(6) 

ere, we assumed that each supernova liberates energy of E SN = 

0 51 erg at a rate νSN = 0 . 01 M �−1 , although all the parameters ε CR ,
 SN , and νSN are also uncertain in the early Universe. The average
nergy of supernova E SN and supernova rate νSN might be higher if
he initial mass function in the first galaxy is a top-heavy distribution
ith POP-III stars. In addition, recent observations by JWST imply 

hat the SFR is higher than 1 M � yr −1 in the high- z galaxies (e.g.
aidu et al. 2022 ). 
In the same way as X-rays, we consider the power-law momentum 

istribution of CRs accelerated in SNRs: 

 ( p) = 

d 2 N 

d p d t 
= Q 0 p 

−s , p = 

γ v 

c 
. (7) 

 ( p ) gives the number of CRs supplied by the galaxy in unit time
n unit momentum. 1 We introduced normalized momentum p = 

 γ m p v)/( m p c ), where v is the velocity and γ is the corresponding
orentz factor. Once we further define normalized velocity β = 

/ c , β and γ are written in terms of normalized momentum p , that
s, β = p/ 

√ 

1 + p 

2 and γ = 

√ 

1 + p 

2 . In equation ( 7 ), s is the
pectral index and DSA predicts s = 2 (e.g. Drury 1983 ), while
he observations of CRs at the Earth suggest s � 2.4. The spectral
ndex is modified to a slightly larger value than s = 2 by the escape
rocess from the acceleration region (Ohira, Murase & Yamazaki 
010 ). Then, the spectral index of escaped CRs is expected to be s =
 We adopted the formalism using d n /d p rather than f ( p) = d n/ d 3 p for 
he CR distribution function. These are related by f ( p) = d n/ d 3 p = 

1 / 4 πp 

2 ) d n/ d p. Therefore, the spectral index s = 2 with d n /d p ∝ p −s 

orresponds to f ( p ) ∝ p −4 . 

ε

a

J

–2.4. We use the minimum and maximum momentum p min , p max 

orresponding to the energy E min = 3 MeV and E max = 3 GeV ,
espectively, as fiducial values (Ohira & Murase 2019 ). 

The momentum distribution at the radius r is given by the steady-
tate solution of the equation of continuity with the source term Q ( p ).
he normalization factor Q 0 is determined by requiring that the total

uminosity corresponds to that given by equation ( 6 ). Therefore, 

d n 

d p 

= 

Q 0 

4 πr 2 v 
p 

−s , L CR = 

∫ p max 

p min 

( γ − 1) m p c 
2 Q 0 p 

−s d p. (8) 

ere, we assumed that the magnetic field is so weak that we can safely
ssume that CRs stream freely. As will be shown in Section 3.4 and
ig. 2 , the typical magnetic field strength generated by streaming
Rs is ∼ 10 −18 G. The recent gamma-ray observations suggest 

he lower limit of the magnetic field strength B � 3 × 10 −16 G
Neronov & Vovk 2010 ). The assumption of free streaming might
reak, especially at larger distances, since the gyro-radius of 1 GeV
rotons is ∼ 10 kpc for 10 −16 G magnetic field. Ho we ver, the strength
f the intergalactic magnetic field is still largely unknown and we
ust investigate the free-streaming case for simplicity. 

.2 Heating processes 

n this section, we enumerate various heating mechanisms and derive 
quations to e v aluate the heating rate of each process. Here, we
ssume that X-rays and CRs are emitted from a point source galaxy
ith the luminosity estimated by ( 5 ) and ( 6 ). The energy flux of them
eclines as a function of the distance r from the galaxy. 

.2.1 X-ray heating 

hen the X-rays penetrate into the IGM, neutral hydrogen is 
hotoionized. The cross-section for photoionization is given by 

ν = σ0 ( hν/I H ) 
−3 , (9) 

here σ0 = 6 . 3 × 10 −18 cm 

−3 and I H = 13 . 6 eV is the ionization
otential of hydrogen (e.g. Draine 2011 ). The secondary electrons 
mitted by photoionization can heat and further ionize the gas. About
0 per cent ( ηX = 0.2) of electron energy is converted into the heat
Furlanetto & Stoever 2010 ). Because the energy dependence of ηX 

hanges the value only by a factor of ∼2, here we assume it is
onstant against ν (Furlanetto & Stoever 2010 ). Then, the heating 
ate density (unit of erg cm 

−3 s −1 ) by X-ray is obtained as follows: 

 X = n H I 

∫ νmax 

νmin 

ηX L ν

4 πr 2 hν
σν( hν − I H ) e −τν d ν. (10) 

 

−2 factor describes the decrease of X-ray photons as going away
rom the galaxy. We included the absorption effect by e −τν , where
ν = n H I σνr is the optical depth. 

.2.2 CR resistive heating 

s explained in Section 2 , electron return current induced by
treaming CRs heat the gas resistively. The heating rate density by
R resistive heating is given by equation ( 3 ) 

 CR , res = ηC J 
2 
CR . (11) 

nd the CR current density is given by 

 CR = ec 

∫ p max 

β
d n 

d p. (12) 
MNRAS 523, 3671–3677 (2023) 

p min d p 
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M

Figure 1. Heating rates per unit volume ε as a function of distance r from 

a galaxy. The solid red, orange, and blue lines show the heating rates by 
CR resistive, CR direct, and X-ray heating, respectively, for our fiducial 
parameters. The dashed lines correspond to the heating rates when the CR 

spectrum is soft ( s = 2.4 and E max = 0 . 3 GeV ). The parameters used are 
summarized in Table 1 . 
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Table 1. Parameters used for Fig. 1 . 

Parameters Fiducial Soft CR spectrum 

T 0 (K) 1 1 
n H ( cm 

−3 ) 10 −4 10 −4 

χ e 10 −3 10 −3 

f X 1 1 
hνmin ( keV ) 0.2 0.2 
hνmax ( keV ) 10 10 
α 1.5 1.5 
ε CR 0.1 0.1 
E min ( GeV ) 3 × 10 −3 3 × 10 −3 

E max ( GeV ) 3 0.3 
s 2 2.4 
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.2.3 CR direct heating 

n addition to resistive heating, CRs can directly interact with free
lectrons by Coulomb interaction and with neutral hydrogen by
onization. Both interactions result in the heating of gas and the
eating rates of a CR proton are given for Coulomb heating by (

d E 

d t 

)
C 

= 

4 πe 4 n e 

m e βc 

[
ln 

(
2 m e c 

2 β

� ω pe 

)
− β2 

2 

]
, (13) 

nd for ionization heating by (
d E 

d t 

)
I 

= 

4 πe 4 n H I 

m e βc 

[
ln 

(
2 m e c 

2 

I H 
p 

2 

)
− β2 

]
, (14) 

espectively (Enßlin et al. 2007 ; Leite et al. 2017 ). � is the reduced
lanck constant and ω pe = (4 πn e e 2 / m e ) 1/2 is the electron plasma
requency. We can calculate the total heating rate density of CR
irect heating by integrating the sum of ( 13 ) and ( 14 ) weighted with
he CR distribution: 

 CR , dir = 

∫ p max 

p min 

[(
d E 

d t 

)
C 

+ 

(
d E 

d t 

)
I 

]
d n 

d p 

d p. (15) 

.2.4 Other heating mechanisms 

lthough we omit the detailed discussion, we mention the other pos-
ibilities for heating processes. IGM heating by structure formation
hock has the potential to heat the gas significantly (Furlanetto &
oeb 2004 ; Jia et al. 2020 ). Plasma instabilities caused by TeV
lazers may also contribute to the IGM heating (Chang, Broderick &
frommer 2012 ; Schlickeiser, Ibscher & Supsar 2012 ). Because these
eating processes are fairly unknown and difficult to discuss within
ur model, we postpone the discussion about them to future works. 

.3 Heating rate and temperature evolution 

e obtained in Section 3.2 the heating rate densities of three
echanisms: X-ray ( 10 ), CR resistive ( 11 ), and CR direct heating

 15 ). Using these equations, we can compare these heating rates as
 function of the distance r from a galaxy. The result is shown in
ig. 1 , and the parameters used are summarized in Table 1 . The red,
range, and blue solid lines show the heating rate of CR resistive,
R direct, and X-ray heating, respectively. Fig. 1 clearly shows that

n the vicinity of the source, the CR resistive heating is dominant,
NRAS 523, 3671–3677 (2023) 
hile in the far outside, CR direct heating has the highest heating
ate density. In between, X-rays can contribute to the heating. As is
lso evident in Fig. 1 , the heating rates of CR resistive and direct
eating decrease with distance as ∝ r −4 and ∝ r −2 , respectively.
he radial dependence of X-ray heating changes from ∝ r −2 to r −3 

here the optical depth of the lowest energy photon becomes order
nity τνmin � 1. The dashed lines in Fig. 1 show the dependence on
he spectral index and maximum energy of CRs. The CR spectral
ndex is changed from s = 2 to s = 2.4, as the observations on the
arth imply. In addition, the maximum energy of CRs is reduced
y one order of magnitude ( E max = 0 . 3 GeV ) because maximum CR
nergy in the high- z galaxies is not fully understood. This shows that
R heating strongly depends on the spectrum and maximum energy.
he heating rate of the CR resistive heating becomes about 20 times

arger than that in the fiducial case. This is because, when the CR
uminosity is fixed, the CR current density is increased as the number
f lower energy CRs increases, while the direct heating also becomes
fficient because of the larger cross-sections for lower energy CRs
equations 13 and 14 ). 

The resistive heating rate depends on the gas temperature through
he resistivity ( 1 ). We can obtain the temperature increase achieved
y CRs and X-rays by integrating the equation 

d 

d t 

(
3 

2 
(1 + χe ) n H k B T 

)
= ε X + ε CR , res + ε CR , dir . (16) 

Fig. 2 shows the result of the numerical integration of this. We set
he initial temperature to be T 0 = 1 K everywhere, and the other pa-
ameters including density n H , ionization fraction χ e are fixed to the
ducial ones in Table 1 . The temperature increase is stopped at T =
 × 10 4 K by hand, assuming that abo v e this temperature, H I atomic
ooling works efficiently. The left-hand panel shows the temper-
ture at t = 10 5 (dotted) , 5 × 10 6 (dashed) , and 10 8 yr (solid) . The
ed lines in the left-hand panel show the temperature when only
Rs contribute to the temperature increase, while the blue lines

how the temperature when only X-rays raise the temperature. The
reen lines correspond to the case where both CRs and X-rays
ontribute to the temperature increase. The right-hand panel shows
he instantaneous heating rates. While the heating rates of CR direct
nd X-ray heating (orange and blue lines) do not change, the CR
esistive heating rate changes in time because it depends on the
emperature. The red and green lines correspond to the heating rates
t t = 10 5 (dotted) , 5 × 10 6 (dashed) , and 10 8 yr (solid) in the case
nly CRs raise the temperature, and in the case both X-rays and CRs
ncrease the temperature, respectively. The middle panel shows the

agnetic field strength generated by the mechanism by Miniati &
ell ( 2011 ), and we will discuss this in Section 3.4 . 
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Figure 2. The temperature distribution (left), magnetic field strength (middle), and the instantaneous heating rates (right) at t = 10 5 yr (dotted) , 5 ×
10 6 yr (dashed) , and 10 8 yr (solid) . The red lines in the left-hand panel show the temperature increase only by CR heating, while the blue lines describe 
the temperature evolution only by X-ray heating. The middle panel shows the magnetic field achieved by the mechanism of Miniati & Bell ( 2011 ), changing the 
temperature evolution corresponding to those in the left-hand panel. Because the magnetic field generation does not occur in the absence of resistive heating, 
the magnetic field is not shown when only X-ray heating is included. Note that the degree of ionization is fixed to χ e , although X-ray heating depends on χ e . 

Figure 3. The same as Fig. 2 , but the spectral index and maximum energy of CRs are changed to s = 2.4 and E max = 0 . 3 GeV . In addition, X-ray luminosity 
is reduced to f X = 0.1. 
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The abrupt temperature increase at earlier times is attributed to the 
igh heating rate of CR resistive heating. However, the heating rate 
ecreases fast as the temperature increases. After all, the temperature 
ncreases up to T ∼ 10 4 K is achieved mainly by X-rays. The
emperature reaches 10 4 K at r = 1 kpc at t � 2 × 10 6 yr . Note that
eating rates by X-ray and CR direct heating are not changed because
e fixed the density, ionization degree, and fluxes of CRs and X-rays.
his point will be discussed in Section 4 . 
We also plotted in Fig. 3 the temperature evolution for the case

hen the CR spectrum is soft and X-ray luminosity is low, that
s, parameters are changed from fiducial ones to s = 2 . 4 , E max =
 . 3 GeV , and f X = 0.1. This clearly shows that CR resistive heating
s still dominant at t = 10 8 yr . Because the X-ray luminosities and
R spectrum are highly uncertain in high- z galaxies, such a situation
ight be realized in the early Universe. 

.4 Magnetic field generation 

t is pointed out that streaming CRs can generate magnetic 
elds around a galaxy (Miniati & Bell 2011 ; Ohira 2020 , 2021 ;
ok o yama & Ohira 2022 ). As investigated in Yok o yama & Ohira
 2022 ), for the length-scale greater than ∼1 kpc and initial tem-
erature T 0 � 10 K, the magnetic field generation proposed by 
iniati & Bell ( 2011 ) is the dominant mechanism. Ho we ver, in
iniati & Bell ( 2011 ) and Yok o yama & Ohira ( 2022 ), only CR

esistive heating is considered as a heating process. Therefore, we 
ecalculated the magnetic field generation, including the CR resistive, 
R direct, and X-ray heating. The magnetic field generated by 
he mechanism of Miniati & Bell ( 2011 ) is shown in the middle
anels of Figs 2 and 3 . The equation used to calculate the magnetic 
eld is 

d B 

d t 
= 

cηC 

L 

J CR , (17) 

here ηC is the Spitzer resistivity ( 1 ) and a function of the tempera-
ure T (see Yok o yama & Ohira 2022 , for the detail). L is the length-
cale of the temperature gradient, and we set L = r , for simplicity. The
ed lines in the middle panels of Figs 2 and 3 show the magnetic field
trength when only CRs heating is included, while the green lines are
he strength when both CR and X-ray heating are included. Because
he magnetic field generation does not work in the absence of resistive
eating, the magnetic field evolution is not shown when only X-ray
eating is included. These figures tell us that the growth of magnetic
elds can be suppressed by X-ray heating by about one order of
agnitude. This is because the resistivity and resistive electric field 

re large when the temperature is low. Due to the quick temperature
ncrease by X-ray heating, the resistive electric field rapidly gets 
eak, making the generated magnetic field weaker. Note that we did
ot plot the magnetic fields generated by the mechanism of Ohira
 2021 ) and Yok o yama & Ohira ( 2022 ) because they are weaker than
hat generated by the mechanism by Miniati & Bell ( 2011 ) for these
arameters. 
MNRAS 523, 3671–3677 (2023) 
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 DISCUSSION  

s mentioned in Section 3.3 , we kept all the parameters other than
he gas temperature constant. Because CR direct heating and X-ray
eating include the ionization process, the degree of ionization must
e changed as time goes on. In addition, collisional ionization by
hermal particles may come in as the temperature increases. Because
he X-ray heating depends on the ionization degree, X-ray heating
ay be suppressed as the temperature increases. We also neglected

nergy loss processes and scattering of CRs during their propagation.
ue to the energy loss, CRs are unable to propagate far from the
alaxy and the CR current density becomes small faster than ∝ r −2 .
herefore, self-consistent treatment of heating, ionization, gas dy-
amics, and CR and photon propagation is necessary to determine the
ctual temperature increase and this will be investigated in the future
tudy. Another important process to consider during CR propagation
s kinetic plasma instabilities. It is expected that the system with
treaming CRs is unstable. The Weibel instability is expected to occur
n the unmagnetized case (Weibel 1959 ), while the non-resonant
ell instability might work if the magnetic field is sufficiently strong

Bell 2004 ). Because of these plasma instabilities, the CR energy can
e transferred to the gas via electromagnetic fields (Niemiec et al.
008 ; Ohira et al. 2009 ; Riquelme & Spitko vsk y 2009 ). In order to
nderstand this heating process quantitatively, it is necessary to know
he non-linear evolution of plasma instabilities. Therefore, we have
o conduct plasma particle simulations. 

In this work, we assumed that thermal electrons are responsible
or the return current. Ho we ver, if we consider the secondary
lectrons ejected by the ionization of neutral hydrogen by CRs,
hese secondary electrons might be subject to runaway acceleration
y the resistive electric field (Ohira 2022 ). In this case, the return
urrent is replaced by the accelerated secondary electrons, and
ecause of the high energy of the secondary electrons, the Coulomb
ollision becomes less efficient, reducing the resistive electric field
nd heating. Whether or not the runaway acceleration occurs and
ow large resistive electric fields remain after that depend on the
ituation. In addition, X-rays also produce secondary electrons by
hotoionization. The self-discharge in the realistic system should be
nvestigated further. 

Another important effect caused by the streaming CRs is mag-
etic field generation (Miniati & Bell 2011 ; Ohira 2020 , 2021 ;
ok o yama & Ohira 2022 ). Bell & Kingham ( 2003 ) and Miniati &
ell ( 2011 ) discussed the magnetic field generation by inhomoge-
eous resistive heating induced by CRs, which is described by the
ollowing equation: 

∂ B 

∂ t 
= c∇ × ( ηC J CR ) . (18) 

e note that, although the magnetic field is generated due to the
eturn current induced by streaming CRs, this mechanism is different
rom the one proposed by Bell ( 2004 ), where the magnetic field is
mplified by the motion of magnetized thermal plasma. The resistive
echanism is driven by the inhomogeneity of the resistive electric
eld E = ηC J th and it works even if the pre-existing magnetic field is
ery weak. Ohira ( 2021 ) and Yok o yama & Ohira ( 2022 ) discussed the
iermann battery that is triggered by the pressure gradient produced
y streaming CRs in two different mechanisms. The magnetic field
eneration by the Biermann battery is described by (Biermann 1950 ) 

∂ B 

∂ t 
= − c 

en 2 e 

∇ n e × ∇ P e , (19) 

here P e is the electron pressure. The electron pressure gradi-
nt is induced by inhomogeneous resistive heating in the case
NRAS 523, 3671–3677 (2023) 
f Yok o yama & Ohira ( 2022 ) and by inhomogeneous adiabatic
ompression of electron fluid in the case of Ohira ( 2021 ). This
ressure gradient is not necessarily parallel to the density gradient of
he ambient medium, thereby generating non-zero ∇n e × ∇P e and

agnetic field. The length-scales of the abo v e three mechanisms are
etermined by the length-scales of electron density, temperature, or
R current density gradients. The dominance of these mechanisms
epends on length-scale, temperature, density, ionization degree,
nd so on (Yok o yama & Ohira 2022 ). Because the linear growth
ates of the Weibel and Bell instabilities are much higher ( �1 yr −1 )
han the time-scale of the Biermann battery, these instabilities will
aturate, and the magnetic field will dissipate. This might smear
ut the pressure gradient and suppress the Biermann battery effect.
o we ver, since the instabilities grow at a very small scale ( �1 pc ),

t is not trivial whether it affects the large-scale ( � kpc) magnetic
eld generation. This depends on the saturation and dissipation of

he instabilities and should be investigated by kinetic simulations. 
In addition, because the length-scale of the generated magnetic

eld can be comparable to the gyro-radius of CRs, the generated
agnetic field might scatter the CRs. Indeed, as Fig. 2 shows,

he typical magnetic field strength at 1–100 kpc is 10 −18 G and the
orresponding gyro-radius of a 1 GeV proton is ∼Mpc. The scattering
f CRs by the generated magnetic field can influence the propagation
f the CRs and alter the heating and ionization rates. Therefore, the
ropagation of CRs and X-rays, the time evolution of the temperature,
ensity, and ionization degree of gas, and the generation of magnetic
elds should be solved self-consistently. 
The redshifted H I 21-cm line is a hopeful probe of the thermal

tate of the IGM at different redshifts. Because, as discussed in
ection 3 , CR resistive heating can be dominant in the vicinity
f a high-redshift galaxy, it is expected that CR heating imprints
ore localized signatures than X-ray heating. In addition, although
e assumed that the pre-existing magnetic field is very weak, the
resence of the intergalactic magnetic field affects the propagation
f CRs and the resulting CR heating. Therefore, the spatial prop-
rties of 21-cm line could potentially deliver information on the
mount of the first CRs, the properties of the CR sources, and
he intergalactic magnetic fields (Sazonov & Sunyaev 2015 ; Leite
t al. 2017 ; Gessey-Jones et al. 2023 ). The prediction of the 21-cm
ine signal should be made based on the cosmological simulations
ncluding CR heating in the future study. In principle, the heating

echanisms discussed here can be distinguished by comparing the
imulated 21-cm line map or power spectrum with future radio 
bservations. 
Although we have focused on the heating outside the galaxy in

his work, CR heating may also work inside the galaxy (e.g. Owen
t al. 2019 ). Because CR resistive heating works efficiently in low-
emperature regions, it may change the temperature of gas clouds
nd filaments and affect the star formation processes. In addition,
he ionization degree of dense clouds might be determined by the
onization by CRs. Because the ionization degree determines the
oupling between the gas and magnetic fields, this can also influence
he formation of stars (e.g. McKee & Ostriker 2007 ). If the magnetic
eld in the galaxy is sufficiently strong, CRs e x ert pressure on the
as. It is known that CR pressure is responsible for the driving of
alactic winds and this might pollute the pristine gas with metals
e.g. Shimoda & Inutsuka 2022 ). Although metal enrichment in the
arly Universe is vigorously investigated (e.g. Chiaki, Susa & Hirano
018 ), CRs might also contribute to the transport of metals and this
ill affect the heating and cooling of the gas. CRs can produce (Ohira
020 , 2021 ; Yok o yama & Ohira 2022 ) and amplify magnetic fields
e.g. Bell 2004 ) and, in turn, magnetic fields affect the propagation
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f CRs. Therefore, CRs are an essential component in understanding 
he galaxy evolution in the early Universe. 

 SU M M A RY  

e revisited the influence of streaming CRs on the heating of the
GM. We clarified that resistive heating induced by CRs becomes 
ominant o v er the other mechanisms in the vicinity of a galaxy
t r � 10 2 kpc in early phases. The temperature reaches 10 4 K at
 = 1 kpc in 2 × 10 6 yr . Because the CR heating depends on its
mount, minimum and maximum energy, and the spectrum of the 
ccelerated CRs (see Fig. 1 ), it is important to understand the CR
cceleration in the early Universe. CRs affect the evolution of the 
as through heating, magnetic field generation and amplification, 
nd metal transport, thereby affecting the subsequent star formation. 
herefore, it is important to reveal the role of CRs in order to
nderstand the galaxy evolution in the early Universe correctly. The 
ignature of IGM heating by CRs may be found by future 21-cm line
bservations because CR heating has a characteristic length-scale 
ifferent from that of X-ray heating. The correct understanding of 
R heating will lead to the verification of the presence of the first
Rs. 
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