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Abstract We study the constraints on primordial magnetic
fields (PMFs) in the light of the Experiment to Detect the
Global Epoch of Reionization Signature (EDGES) low-band
observation and Absolute Radiometer for Cosmology, Astro-
physics and Diffuse Emission (ARCADE 2). ARCADE 2
observation detected extra-galactic excess radio radiation in
the frequency range 3-90 GHz. The enhancement in the
radio radiation is also supported by the first station of the
Long Wavelength Array (LWAI) in the frequency range
40-80 MHz. The presence of early radiation excess over
the cosmic microwave background can not be completely
ruled out, and it may explain the EDGES anomaly. In the
presence of decaying PMFs, 21 cm differential brightness
temperature can modify due to the heating of the gas by
decaying magnetic fields, and we can constraint the mag-
netic fields. For excess radiation fraction (A,) to be LWA1
limit, we show that the upper bound on the present-day mag-
netic field strength, By, on the scale of 1 Mpc is < 3.7 nG
for spectral index np = —2.99. While forngp = —1, we get
By < 1.1 x 1072 nG. We also discuss the effects of first
stars on IGM gas evolution and the allowed value of By. For
A, to be LWA1 limit, we get the upper constraint on mag-
netic field to be Bo(ng = —2.99) < 4.9 x 107! nG and
Bo(ng = —1) < 3.7 x 107 nG. By decreasing excess radi-
ation fraction below the LWA 1 limit, we get a more stringent
bound on By.

1 Introduction

The 21 cm signal, due to the hyperfine transition between
1S singlet and triplet states of the neutral hydrogen atom, is
a treasure trove to provide an insight into the period when
the galaxies and first stars formed. Recently, the EDGES
collaboration observed an absorption signal in the redshift
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range 15 < z < 20. It is nearly two times more than the
theoretical prediction based on the ACDM framework cos-
mological scenarios [1,2]. During the cosmic dawn, in the
standard cosmological scenario, the temperature of the gas
(T4as) and cosmic microwave background radiation (CMBR),
Tcwms, varies adiabatically. Tgys and Temp varies with the
redshift as o (1 4 z)? and o< (1 + z) respectively, and tem-
peratures of both the gas and CMBR found to be ~ 6.7 K and
~ 49.1 K at the redshift z = 17 respectively (for example
see the Refs. [3-5]). EDGES observation reported that the
best fitting 21 cm model yields an absorption profile centred
at 78 &= 1 MHz and in symmetric “U” shaped form having
an amplitude of 7p; = —0.54_'8:2 K with 99% confidence
intervals [1]. It is argued that to explain the EDGES obser-
vation, for the best fitting amplitude at the centre of the “U”
profile, either the cosmic background radiation temperature
Tr 2 104 K for the standard T, evolution or Tgas S 3.2 K
in the absence of any non-standard evolution of the Tk, i.e.
Tr = Tcwms [1]. In the standard scenarios, background radi-
ation is assumed to be solely contribution by the cosmic
microwave background (CMB).

Although the contribution to the background radiation
is assumed to be CMB radiation, the EDGES anomaly
encouraged to develop the alternative models in which
radio background enhanced [1,6,7]. Recently, the Absolute
Radiometer for Cosmology, Astrophysics and Diffuse Emis-
sion (ARCADE 2) collaboration, a double-nulled balloon-
borne instrument with seven radiometers, detected the excess
radio radiation in frequency range 3—10 GHz. It agrees with
CMBR at the large frequency (> 1 GHz) but significantly
deviates at small frequency [6,8]. This radio radiation is sev-
eral times larger than the observed radio count due to the
known processes [9]. Although in the Ref. [10], authors dis-
cuss that merger of the clusters can generate the radio excess
in the presence of magnetic turbulence, the presence of early
excess radiation can not be completely ruled out. For exam-
ple, in the redshift range z ~ 30 to 16, accretion onto the first
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intermediate-mass Black Holes can produce a radio radiation
[11]. Subsequently, accreting supermassive black holes [12]
or supernovae [13] can also produce radio background due to
synchrotron emission at the time of cosmic down by accel-
erated electrons in the presence of the magnetic field. The
enhancement in the background radiation is also supported
by the first station of the long wavelength array (LWA1) in
frequency range 40-80 MHz, and it is modelled by a power
law with a spectral index (8) of —2.58 + 0.05 [14], while
ARCADE 2 is modelled with § = —2.62 + 0.04 [6,8].
Origin and evolution of primordial magnetic fields (PMFs)
are one of the outstanding problems of cosmology (Ref. [15]
and references therein). Presence of decaying PMFs can heat
the gas above the 6.7 K at z = 17, and even it can erase
the EDGES absorption signal [5,16,17]. Still, the EDGES
absorption signal can be explained by considering the possi-
ble early excess of radio radiation [6]. In the present work,
we consider decaying magnetohydrodynamics (MHD) and
constraint the present-day strength of primordial magnetic
fields. Observations suggest that the magnetic fields (MFs)
are present on the length scale of galaxies to the clusters.
Recently in the Ref. [18], authors show that PMFs can be
used as a remedy to resolve the Hubble tension between dif-
ferent observations. The present-day amplitude of these MFs
is constrained from the big bang nucleosynthesis, formation
of structures and cosmic microwave background anisotropies
and polarization [17,19,20]. Authors of the Ref. [16], put a
upper constraint on PMFs strength Bimpe S 10710 G at
the length-scale of 1 Mpc by considering Teas S Tomp (ie.
T>1 < 0) so that, PMFs can not erase the absorption signal
in the redshift range 15 < z < 20. Planck 2015 results put
upper constraints on PMFs of the order of the ~ 107° G
for different cosmological scenarios [21]. The authors of
the Ref. [22], in the context of EDGES observation, put an
upper and lower constraint on the PMFs to be 6 x 107> nG
and 5 x 10 nG respectively. Also, the lower bound on
the present-day strength of PMFs found in Refs. [23-25].
Subsequently, in the Ref. [26], authors put a lower bound
on the strength of intergalactic magnetic fields of the order
of 3 x 1071% G using Fermi observations of TeV blazars.
Upper constraint on the PMFs at the end of big bang nucle-
osynthesis found to be 2 x 10° G [27]. Presence of strong
PMFs can modify the present-day relic abundance of He*
and other light elements. Therefore, Using the current obser-
vation of light element abundances, present-day MFs can be
constrained [17,28-31]. The authors of the Ref. [32], put a
constraint on the upper bound of PMFs strength of 47 pG
for scale-invariant PMFs by comparing CMB anisotropies,
reported by the WMAP and Planck, with calculated CMB
anisotropies. Generation of the magnetic fields in the early
Universe for the various cosmological scenarios has been
studied in the earlier literature (for example see Refs. [23,33—
36]). It is to be noted that decaying MHD has been studied
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in several literatures. In these works, the authors consider
the decay of the PMFs by ambipolar diffusion and turbu-
lent decay [5,16,17,37,38]. Ambipolar diffusion of magnetic
fields is important in neutral medium as it is inversely pro-
portional to free-electron fraction (X,) and X, ~ 10~4 after
redshift z < 100 [5,17,39]. Magnetic energy dissipation into
gas, due to ambipolar diffusion, happens because of relative
velocity between ion and neutral components of gas [40].
After the recombination (z ~ 1100), the radiative viscosity
of fluid dramatically decreases, and velocity perturbations
are no longer damped, and tangled magnetic fields having
length scale smaller than the magnetic Jeans length can dis-
sipate via another mode—turbulent decay [5,17,41]. Magnetic
heating of the gas due to the turbulent decay decreases with
redshift but later when ionization fraction decreases, heating
increases due to ambipolar diffusion [5,17].

In the present work, we use the EDGES signal in the
presence of excess radio radiation to constrain the strength
of PMFs. Some of the processes which we have discussed
responsible for the excess radio radiation can occur at earlier
redshift (z ~ 17) [11-13]. One the interesting proposal in
the Ref. [6], is to argue that such a possibility can exist at the
earlier time also, and it can help to explain the EDGES sig-
nal. Authors show that the absorption signal can be explained
by having excess radio radiation which is around 10% of the
observed (excess) radiation of ARCADE 2. In Refs. [42,43],
the authors claim that thermal emission from the axion quark
nugget dark matter model can explain the EDGES signal,
and it can also contribute a fraction of the radiation excess
observed by ARCADE 2. At present, there exist several the-
oretical models to explain this excess at the time of cos-
mic down. Recently it was argued that, stimulated emis-
sion from Bose (axion) stars can give a large contribution
to the radio background possibly explaining EDGES and
ARCADE 2 observations [44]. In the Ref. [45], the authors
consider accreting Pop III black holes and shows that radio
emission from these sources can produce the EDGES like sig-
nal by increasing background radiation temperature. In other
scenarios, the EDGES anomaly can be explained by axion-
photon conversion in the presence of intergalactic magnetic
fields [46] or by radiative decays of standard model neu-
trino induced by magnetic fields [47]. Radio excess can also
be explained by the cusp region of superconducting cosmic
strings [48]. In Ref. [49], authors consider radiative decays
of relic neutrino and show that it can potentially explain
the ARCADE 2 excess together with the EDGES signal.
Depending on the origin, the excess fraction of radio radia-
tion can have a different value. We discuss the constraints on
excess radiation later. Considering the above possibilities of
having early excess radiation, we believe that it is important
to analyze constraints on the primordial magnetic field in the
presence of such radiation.
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This work is organized in the following sections: in Sect.
2, we discuss the 21 cm signal due to the hyperfine transi-
tion between triplet and singlet state of the neutral hydrogen
atom. We also discuss 21 cm differential brightness tem-
perature due to the deviation of spin temperature from the
background radiation temperature. In Sect. 3, the evolution
of the gas temperature and ionization fraction in the presence
of decaying PMFs is discussed. Next, in Sect. 4, we consider
the effects on the IGM temperature due to first stars. In Sect.
5, we discuss our results and obtain upper constraint on the
present day strength of PMFs in the absence/presence of X-
ray and VDKZ18 heating [50].

2 21 cm differential brightness temperature

After the recombination, the baryon number density mostly
dominated by the neutral hydrogen (Ny) and some frac-
tion of residual free electrons (X, = N,/Np) and protons
(X, = Np/Np). Here, N, N, and Ny are number density
of free electrons, protons and hydrogen nuclei respectively.
The hyperfine interaction in neutral hydrogen atom splits
it’s ground state into 1S triplet (1) and singlet (n¢) hyper-
fine levels. The Relative number density of hydrogen atom
in triplet (n1) and singlet (ng) state is characterized by spin
temperature (7),

n 1
mo_ 8l exp (—2mvi0/Ts), @)

no 80

here, g1 and g are statistical degeneracy of triplet and singlet
states respectively and vip = 1420 MHz = 1/(21 cm) is cor-
responding frequency for hyperfine transition. In the context
of cosmological scenarios, the spin temperature may depend
on collisions between hydrogen atoms, absorption/ emission
of background radiation and Ly-« radiation emitted from the
first stars. Therefore, the spin temperature can be defined
by requiring equilibrium balance between the populations of
triplet and singlet state [2,51,52],

T+ xg T+ x Tyl

T71 gas
1+ xo + x¢

S

@)

Here, Ty is the Kinetic temperature of the gas, and Tk is the
background radiation temperature. As discussed in the intro-
duction, the possibility of an excess radio radiation back-
ground over the CMBR can not be denied. For the excess
radio background, we consider the phenomenological model
following the Ref. [53]. Here, Authors consider a uniform
redshift-independent synchrotron-like radiation, motivated
by the ARCADE2 and LWAI1 observations. This model can
explain the EDGES anomaly in addition to enhancement of
cosmic down power spectrum. Accordingly, following the
Refs. [7,53-56],

. Vobs B
Tr=To(l+2) |1+ A, (78 MHZ) : )

where, Ty = 2.725 K is the present day CMB tempera-
ture and B = —2.6 is the spectral index. A, is the ampli-
tude defined relative to the CMB at reference frequency of
78 MHz. For the 21 cm signal vgps is 1420/(1 4+ z) MHz.
Authors of the Ref. [53], put a limit on the excess radiation
background to 1.9 < A, < 418 at reference frequency of
78 MHz by considering the effect of an uniform radiation
excess on the 21 cm signal from the cosmic dawn, dark ages
and reionization. Authors consider a synchrotron-like spec-
trum with spectral index —2.6. The case with A, ~ 418
corresponds to the LWA1 limit on A, at the reference fre-
quency of 78 MHz [14,53]. The stringent constraint on excess
radiation comes from the Low-Frequency Array (LOFAR) to
A, < 182 (95 percent CL) and A, < 259 (99 percent CL)
at a reference frequency of 78 MHz and spectral index —2.6
[7]. Ty & Tgys is the colour temperature due to Lya radia-
tion from the first stars [51,57]. x. and x, are collisional and
Wouthuysen-Field (WF) coupling coefficients, respectively
[51,57-59],

_ To Cuo
Tg Aio’

__To Por

— 1070 4
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here, Tjg = 27w vip = 5.9 x 107% eV and Cj9 = N;ki}
is collision deexcitation rate. i stands for hydrogen atom,
electron and proton. k’ig is the spin deexcitation specific rate
coefficient due to collisions of species i with hydrogen atom
[2]. Po1 = 4Py /27 and P, is scattering rate of Ly radiation
[2]. A1g = 2.86 x 10715 s~ is the Einstein coefficient for
spontaneous emission from triplet to singlet state.

The 21 cm differential brightness temperature is given by
[1,2,60],

0.15 1+z1Y% [/ 2uh? Tk
Ty ~ 23 1—22) mK,
2 xm[szmh2 10 ] (0.02)( T5> m
(5)

here, xgr = Nu1/Np is the neutral hydrogen fraction. For
this work, we consider the following values for the cosmo-
logical parameters: 2, = 0.31, £2, = 0.048, h = 0.68,
og = 0.82 and ny = 0.97 [61]. As Tp| o« (Ts — Tg), there
can be three scenarios. If Ty = Ty then 71 = 0 and there
will not be any signal. For the case when Ts > Tg, emission
spectra can be observed, and when Ts < Tk, it leaves an
imprint of absorption spectra. 21 cm signal evolution can be
described as: after recombination (z ~ 1100) to z ~ 200,
gas and cosmic background radiation shares same tempera-
ture and maintain thermal equilibrium due to the Compton
scattering. Therefore, 751 = 0 and the signal is not observed.
After z ~ 200 until z ~ 40, gas decouples from background
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radiation and temperature falls as Tg,s o¢ (1 + )3 It implies
early absorption spectra of 21 cm signal. Nevertheless, this
signal is not observed due to the poor sensitivity of radio
antennas. The sensitivity falls dramatically below 50 MHz.
After z ~ 40 to the formation of the first star, number density
and temperature of the gas are very small, hence, x, — O.
Therefore, there is no signal [2,62]. After the first star forma-
tion, gas couples to the spin temperature due to Ly« radiation
emitted from the first star by Wouthuysen-Field (WF) effect
[57,63]. Therefore, x, > 1, x, and absorption spectra can
be seen. After z ~ 15, X-ray emitted from active galactic
nuclei (AGN) starts to heat the gas and emission spectra can
be seen [2].

3 Evolution of the gas temperature in the presence of
PMF;s

In the presence of decaying magnetohydrodynamics effects,
the gas temperature can increase. It can even increase above
the background radiation and can erase the 21 cm absorp-
tion signal reported by EDGES [5,16,17,41]. Therefore,
present-day PMFs strength can be constrained by the EDGES
observation in the presence of excess radiation reported by
ARCADE 2 and LWAL [1,6,8,14,53,64]. In the presence of
turbulent decay and ambipolar diffusion, thermal evolution
of the gas with the redshift can be written as [5,17,40,41,65],

dTgas —2 Tgas I
dz 14z (A+2H

2
— (b + Tambi), 6
3Ntot(1 +Z) H( turb ambl) ( )

(Tgas — TcmB)

Here, Not = Ng(1 + fge + X¢), foe = 0.079 and
TcmB = To (1 4 z) is the cosmic microwave background
(CMB) temperature. H = H (z) is the Hubble parameter. At
early times, Tg,s remains in equilibrium with CMB temper-
ature due to Compton scattering. However, the gas tempera-
ture will not be strongly affected by the comparatively small
amount of energy in the non-thermal radio radiation. There-
fore, Tgys and T, can be assumed independent of the excess
radiation [6]. I'c is the Compton scattering rate, defined as,

_ 8(7T)0)/Ne
3me Niot '

(N

I'c

here, p, = a,TéMB, a, = 757 x 10710 Jm=3K 4 is
the radiation density constant, o7 is the Thomson scatter-
ing cross-section and m, is the mass of electron. Change in
the electron fraction with redshift[3,4,37,66],
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dX. _ 1 %RL}W + 211A2S,1S
dz H(+2)Bg+3Rpye + § A2 15
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here, ap is the case-B recombination coefficient and Sp
is the photo-ionization rate. Ez; = 27/ALye, Alya =
121.5682 x 10~ meter is the hydrogen Ly« rest wavelength
[3]. Ags1s = 8.22 sec™! is the two photon decay rate of

hydrogen and Rpy, = ﬁ is the Lyo photon
e ya

escape rate [66]. Heating rate per unit volume due to the
ambipolar diffusion (/mp;) and turbulence decay (iyb) is
given by [5,17],

(1-X,) |(VxB)xB?
Tymbi =
M X MENy? 1672 ©)
15m [In(1 41 /t)]"
o = m [In(1 + 11/ 1)) HEs.  (10)

[In(1 + 1 /1) + L5 In{(1 + z1)/(1 + )" !

here, Eg = B?/(8) is the magnetic field energy density,

dEp _ 4 L3 ! T + T 11
dz = 1+Z+H(1+Z)( turb + Lambi ) (11)
and m = 2(np + 3)/(np +5). z; = 1088 is the redshift
when heating starts due the magnetic fields (recombination
epoch), y = 1.9 x 10" (Tgas/K)0‘3750m3/g/s is the cou-
pling coefficient, My is the mass of Hydrogen atom and Nj,
is the number density of baryons. t; = 1/ (kd Valkg, Z)) is
the decay time for the turbulence. For matter dominated era,
ti =2/(3H(z)) and Va(ka. 2) = B(ka. )/ (47 pp(2)) '
is the Alfvén wave velocity. B(ky, z) is the magnetic field
strength smoothed over the scale of k; at redshift z. kg is con-
strained by the damping wavenumber of Alfvén wave. PMFs
having wavenumber larger than &, are strongly damped by
the radiative-viscosity [17,41,67-70]. Following the Ref.
[16], we take the time evolution of the Alfvén wave damping
scale. It is given as k;4(z) = kq,; f(z) and f(z;) = 1. Here,
kq i is the damping wavenumber at recombination epoch,

Bo\? [ 0.02
L — —1 -3 0
kg i = 2w Mpc |:1.32 x 10 <E) <W>

x . (12)
0.15

Here, to smooth the magnetic field amplitude over the length
scale of k; ;, we choose the Gaussian window function in
Fourier space (k) as [16,21,71],

2
2 o [ )
0

ki :|nB+3
B, . = 3¢
d,i (2m)3

)= 85| 3

13)



Eur. Phys. J. C (2021) 81:394

Page 50f 11 394

Here, we consider PMFs power spectrum, Pp(k), as power
law in Fourier space [16],

2
Pp(k) = @7) B2 ( k

ng
3, 14
I[ns +3)/2] ° Mpc*) Mper. (9

The magnetic field strength on the scale of 1 Mpc, 312 Mpe =
[ (dk/2m)® exp[—(k/Mpc™1)?] Pg(k) = B} . Asdiscussed
earlier, magnetic fields are strongly damped above inverse
length-scale (kg), therefore, Pg(k) = O for k > k;. Lorentz
force and the magnetic energy density can be calculated as
[16],

\(VxB)xBI2=/ K3 Ppky) Pplky) f2'88(2) (14910, (15)

ky,ka
here [, [+ 1= [ [d®ki/@7)} x d*ky/27)* [ -], and

By L [ S5 p g asat e
8t J (2n)3 ’

We can get the redshift evolution of the function f(z), by

substituting Eq. (16) in Eq. (11).

4 Heating of the IGM due to background radiation

After the first star formation (z ~ 30), their radiation starts to
heat the intergalactic medium (IGM) [52,59,72-76]. Authors
of the Ref. [50], suggests that the kinetic temperature of the
gas can also increase due the background radiation even in
the absence of X-ray heating. The Ly photons, due to first
stars, intermediate the energy transfer between the thermal
motions of the hydrogen and background radiation. Authors
claim that this correction to the kinetic temperature of the gas
is the order of (~ 10%) at z = 17, in the absence of X-ray
heating (hereafter we use the term VDKZ18 for this heating
of the gas). Following the above reference, the Eq. (6) will
modify,

dTgas
dz

A+ + fre+ Xe)'
(17

dTgas  dTeas
dz — dz

[eq.(6)] X—ray

where, dTg,s/d z‘[ stands for the gas temperature evo-

) eq.(6)]
lution represented in Eq. (6), and
Ao Tg
I'r = — — — 1| Tyo, 18
R leszR[TS ] 10 (18)

here, xg = 1/121 X [1 — exp(—121)], and the 21 cm optical
depth 751 = 8.1 x 1072 xpy [(1 4 2)/20]"> (10 K/ T§). And,
Tio = 2mv1p = 0.0682 K. To include the X-ray heating of
the IGM, we consider the tanh parameterization [77-79]. In

the presence of X-ray radiation, the ionization fraction evolu-
tion with redshift will also change. For the present case, we
consider the fiducial model, for X-ray heating and ioniza-
tion fraction evolution, motivated by Ref. [77]. The heating
effects of both the VDKZ18 and X-ray are discussed in plots
la, b, 2, 3b and 4b.

5 Result and discussion

To study the gas temperature evolution with redshift in the
presence of primordial magnetic field dissipation, we solve
the coupled equations (6), (8) and (11). To get the Lorentz
force term in Eq. (9), we solve the Eq. (15). Similarly, to
get the magnetic field energy density in Eq. (10), we solve
the Eq. (16). To get the evolution of the f(z) with redshift,
df(z)/dz, we substitute Eq. (16) in Eq. (11) with initial
condition f(z;) = 1. To obtain upper constraint on PMFs
strength, we solve the Eq. (5) with Egs. (6), (8) and (11) for
T»1 ~ —300 mK or — 500 mK by varying By, np and A,.
For infinite Ly coupling Ts =~ Ty, therefore, Ts solely
depends on the gas temperature. While, for finite Ly« cou-
pling, T's depends on both the gas and background radiation
temperature.

In Fig. 1, we plot the gas temperature evolution with
the redshift for different present-day magnetic field strength
and background radiation. The solid blue lines represent the
case when there is no heating of the IGM gas, i.e. no X-
ray, VDKZ18 or magnetic heating. The pink shaded band in
the figure shows the EDGES redshift range, 15 < z < 20,
for the 21 cm absorption signal. In plot la, we consider
only VDKZ18 and X-ray heating. The orange dashed line
describes the heating due to VDKZ18 only while keeping
A, = 0. Next, we increase the value of A, from 0 to 100.
This case is described by the dashed-green line in plot la,
which shows a significant rise in the gas temperature due
to the excess radiation fraction. Further, if one increases
the A, to its LWAI limit, i.e. A, = 418, the gas temper-
ature does not change significantly from A, = 100 case,
as shown by the solid magenta curve. It happens because
I'r « (Tr/Ts — 1) ~ Tgr/Ts, Eq. 18. As we increase A,
Tr/Ts increases slowly. For example, at z = 17, Tg/Ts is
6.5for A, =0,51.4for A, = 100 and 54.9 for A, = 418.
Here, we can see that, even increasing A, to ~ 4 times (100
to 418), Tg/Ts increases by only 6.8 percent. Therefore,
increasing further A, will not affect gas temperature signif-
icantly. To analyse the role of X-ray heating, we have first
considered the heating due to X-ray only, depicted by the
red dashed line. The inclusion of VDKZ18 for A, = 0 fur-
ther increases the gas temperature slightly, as shown by the
black dashed line. In this case of inclusion of X-ray heating,
if we increase the value of A, to 100, there is a significant
increase in the gas temperature as shown by the solid green
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No heating ——
VDKZ18, A, = 0

VDKZ18, A, = 100 - - -
VDKZ18, A, = 418 ——

xeray - - =
VDKZ18 + xray, A;= 0 - - -
VDKZ18 + x-ray, A, = 100 ——

104

No heating ——
VDKZ18, A, = 0,Bo=  0nG - - -
Bo=1x101nG — -
VDKZ18, A, = 0, By=1x101nG - - -
VDKZ18, A=100, Bo=1x10"" nG
VDKZ18+x-ray, A=100, By=1x10"1 nG
Bg=3x10"nG - - - 10! F
VDKZ18, A,=100, By=3x10"1 nG - - -

x-ray, Bp=3x10"1 nG
VDKZ18+x-ray, A;=100, By=3x10"1 nG —---

No heating ——
By = 3x10" nG, ng = -
By = 3x107 nG, ng = -
By = 3x10" nG, ng = -
By = 1x107 nG, ng = -
By = 1x10" nG, ng = -

L
10 20 30 40 10

Fig. 1 The gas temperature evolution with redshift. The solid blue
lines, in all plots, represent the case when there is no X-ray, VDKZ18
or magnetic heating. VDKZ18 corresponds to the heat transfer from the
background radiation to gas mediated by Ly«. The shaded region rep-
resents the EDGES observation redshift range, 15 < z < 20 . In figure

line. We find the contribution due to X-ray heating dominates
for redshift values z < 15.

In plot 1a, we compare the contribution of VDKZ18 and
X-ray heating. In plot 1b, we compare the contributions of
VDKZ18, X-ray and magnetic heating while keeping the
spectral-index, ng = —2.99 for a nearly scale-invariant mag-
netic field spectrum. While in Fig. 1c, we vary the magnetic
spectral index (n ) and plot the magnetic heating of the gas.

In plot 1b, we have included the effect of primordial mag-
netic fields on the IGM gas evolution. The solid blue line
represents the case when there is no heating, and the dashed-
black curve shows the case of VDKZ18 with no magnetic
fields and X-ray for A, = 0. The double dot-dashed green
curve represents the case when there is only the magnetic
heating with a magnetic field strength of By = 1 x 10~ !nG.
Next, we include the case of VDKZ18 for A, = 0 in the pure
magnetic heating scenario, as shown by the red dashed curve.
Now, if we increase A, from O to 100, the gas temperature
rises significantly in the shaded region as shown by the dash-
dotted red curve in Fig. 1b. Now the further addition of X-ray
heating is shown by the cyan plot, which shows significant
heating in the shaded region. Next, for more analysis, we
increase the magnetic field strength from By = 1 x 10~! nG
to By = 3 x 107! nG and study cases with VDKZ18 and
X-ray as before. The magenta dashed line depicts the case
with only magnetic heating. The green dashed line shows
the case of VDKZ18 with A, = 100. The orange curve
shows the case with magnetic and X-ray heating only. Here,
as expected, the gas temperature decreases after the inclu-
sion of the X-ray effect with the magnetic fields. It happens
because the ionization fraction increases by X-ray radiation.
Ambipolar diffusion evolves as I'ympi < (1 — X.)/ X,; there-
fore, as ionization fraction increases, ambipolar diffusion of
the magnetic field decreases. Thus, the heating due to mag-
netic fields also decreases. Therefore, including the X-ray
contribution with the magnetic field decreases the magnetic

@ Springer
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a, we consider only VDKZ18 and X-ray heating with excess radiation
(A;). In figure b, we include different combination of VDKZ18, X-ray
and magnetic heating, and spectral index is fixed to — 2.99. In figure c,
we vary the spectral index and plot magnetic heating of the gas

field diffusion. Hence, the gas temperature decreases (this
effect also occurs for Bg = 1 x 10~! nG, but it is not visible
in the plot). The black dot-dashed line includes all the three
effects: magnetic and X-ray heating together with VDKZ18
for A, = 100 and By = 3 X 10~! nG. Here, the addition of
the VDKZ18 heating for A, = 100 increases the gas tem-
perature above the solid orange line. It is also lower than the
magenta dashed line because of the inclusion of the X-ray
contribution. At the smaller redshift, X-ray heating domi-
nates over all other heating mechanisms, and all lines merge.

In Fig. 1c, we plot the magnetic heating of the gas for the
different spectral index, np. The solid lines, except the blue
one, represent the magnetic heating for By = 3 x 10~! nG,
while double dot-dashed lines are for By = 1 x 107! nG.
Increasing the spectral index, the magnetic heating due to
ambipolar diffusion and turbulent decay increases as Iymbi
(1/T[(np+3)/21) and T o 1/T[(n5+3)/2] (by ignor-
ing the logarithmic and integral dependencies). For exam-
ple, if one changes np from its value — 2.99 to — 1 then
1/I'[(np + 3)/2] changes from 5 x 1073 to 1. Therefore,
by increasing np from — 2.99 to — 1, magnetic heating
enhances significantly. To get 751 (Eq. (5)) around — 500 mK
or — 300 mK at z = 17.2, one needs to ensure that even by
increasing n g, that the factor xyy (1 — Tg/Ts) remains same.
Thus from Egs. (9), (10) and (14) when we increase np, we
have to decrease By so that the magnetic heating contribution
to the gas remains the same. Therefore, by increasing np,
the upper bound on By will become more stringent. Here,
we also include the collisional ionization of the gas in Eq.
(8), as this term is important only when gas temperature is
> 1.58 x 10° K. Otherwise this term is exponentially sup-
pressed as o exp[—(13.6 eV)/ Tg,s] [17,80,81]. In plot 1c,
the gas temperature rises by increasing By, as more mag-
netic energy is getting injected into thermal energy of the
gas via Iympi X E % and [ty o Ep. However, for redshift
z < 100, the gas temperature starts decreasing as the cooling
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effect due to expansion of the Universe become dominant, as
can be seen in equations (6) and (11) (it also depends on the
strength and spectral index of the magnetic field). Since, with
the expansion of the Universe, magnetic energy density (Eg)
also dilutes, the contributions from I mp; and Ity decreases
as can be seen from Eqs. (9)—(11).

In Fig. 2a, we plot the spin (dashed lines) and gas (solid
lines) temperature. For A, = 0, i.e. T = Tcms, We get
Tgas == Ts as seen by the overlapping dashed and solid blue
lines in the shaded region. x, and x. are & 1/Tg as can be
seen from Eqgs. (2) and (4). Therefore, the coupling between
the gas and spin temperature decreases by increasing A,. As
discussed before, increasing the value of A, above ~ 100, the
spin temperature increases, but the increment in gas temper-
ature becomes insignificant, and the Tr/Ts ratio increases
slowly. Therefore, as x, and x. decreases, the difference
between the gas and spin temperature increases, as shown in
the plot 2a. Increasing the values of A, from 100 (green lines)
to 418 (black lines), the difference between gas and spin tem-
peratures increases. Figure 2b, shows the plots for 21 cm dif-
ferential brightness temperature vs. redshift, for all the cases
discussed in plot 2a. As we increase the A, from 0 to 100 the
|T51| increases. By increasing A, from 100 to 418, values of
T>1 does not change significantly. Further, including X-ray
heating and magnetic heating (for By = 3 x 10~ nG and
np = —2.99) the gas temperature rises and |73 | decreases.

In Fig. 3, we plot the maximally allowed values of By
versus radiation excess (A;,) for different spectral indexes.
The colour-bars represent the variation of the magnetic field
spectral index. In the plots, the spectral index varies from
its nearly scale-invariant value (— 2.99) to — 1. Here, we
consider both the EDGES best fit and upper constraint on
the 21 cm absorption signal for constraining By. The green-
yellow colour scheme represents the case with 751 |,=17.2 =~
—500 mK, while the red-grey colour scheme represents the
case with 771 |;=17.2 =~ —300 mK. Numerical values of n p for

X
=
10!
VDKZ18, A= 0 ——
VDKZ18, A, = 100 ——
VDKZ18, A, = 418 ——
VDKZ18+x-ray, A, = 100 ——
100 | 1
10 20 30 40
z
(a)

the different colour bands are written with different colour.
For T»1];=17.2 =~ —300 mK case the value of n g written with
blue coloured text , while for T>1],—172 >~ —500 mK case
it is written with black coloured text. The colour-bars are
common for both the plots.

In Fig. 3a, we consider infinite Lya coupling (x, >
Xe, 1), i.e. Tg = Tgys. Here, we do not consider the X-ray
and VDKZ18 effects on the gas and thus the 21 cm sig-
nal 751 o (1 — TR/ Tgas). As we increase A,, the ampli-
tude of |75 | increases, and we get more window to increase
the gas temperature. In this plot, we consider heating only
due to the decaying magnetohydrodynamics. Therefore, we
can increase Bg as we increase A,. As discussed earlier, by
decreasing np, the amplitude of the magnetic field power
spectrum also decreases, resulting in less magnetic energy
dissipation into the gas kinetic energy. Thus by reducing
values of np from — 1 to — 2.99, we get more window to
increase By. Next, when one increases 771 from — 500 mK
to — 300 mK, the allowed value of By also increases. This
is shown by the red-grey colour scheme in Fig. 3. In Fig.
3b, we consider the effects of VDKZ18 and X-ray on IGM
gas evolution due to first stars after z < 35 and consider
finite Lya coupling. As discussed earlier, Tpys # Ts for
A, > 0 and the difference between gas and spin temperature
increases as A, increases. Thus, in the presence of first star’s
effects, the upper bound on the present-day strength of PMFs
modifies. Following the Refs. [77-79], we consider WF cou-
pling coefficient, x, = 2A,(z) x (To/Tg). Here, Ay (2) =
Ay (1 + tanh[(zq0 — 2)/Az«]), the step height A, = 100,
pivot redshift z,0 = 17 and duration Az, = 2. The colli-
sional coupling coefficient, x, = T19/Tr X (Ny k%H)/Alo.
After the inclusion of X-ray and VDKZ18 heating effects,
the gas temperature remains > 10 K. Therefore, we can
take kI~ 3.1 x1071! (T /K) 37 exp(—32 K/ Tyas)
cm3 /sec for 10 K < Tgys < 103 K. As illustrated in plot 1
and 2, increasing excess radiation fraction A, above ~ 100,

-400

T3 (MK)

-600

VDKZ18, A, = 0 —
VDKZ18, A; = 100 ——
VDKZ18, A, = 418 ——
VDKZ18+x-ray, Ay = 100 ——

-800

66'C =

-1000 L L
10 15 20 25 30

(b)

Fig. 2 Plot a shows the gas (solid lines) and spin (dashed lines) temperature evolution, The shaded region corresponds to the redshift 15 < z < 20
— the redshift range for EDGES reported signal. Plot b, shows the 21 cm differential brightness temperature with redshift for same cases in plot a

@ Springer
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1078 4 —-1.00
10-9 -1.25
10-10 -1.50
— -1.75
8 10712
>
3 -2.00 &
~ 10712
@ -2.25
10—13
—-2.50
1074 -2.75
10715 4 -2.99
A
(a)

Fig. 3 In these plots, we study upper bounds on present-day mag-
netic field strength (Bp) with excess radiation fraction (A, ) for differ-
ent values of the spectral index, np. The green-yellow and red-grey
colour schemes represent the cases when 751 |;=172 =~ —500 mK and
—300 mK, respectively. For T»1|;=17.2 =~ —300 mK case the value of
n g written with blue coloured text , while for —500 mK case it is written

the Tr/Ts remains nearly constant and this also mean that
T>1 remain unchanged. Consequently one can not increase
the value of By and one gets nearly flat profile for By for
A, 2 100 in Fig. 3b.

In Fig. 4, we plot the maximally allowed values of By vs
np for various values of A,. The colour-bars represent the
variation in A,. In the plots, A, varies from 5 to LWA1 limit
~ 418. We consider both the EDGES best fit and upper con-
straint on 21 cm absorption signal for constraining Bg. The
green-yellow scheme represent the case with Th|,=172 =~
—500 mK, while the red-grey colour scheme represent the
case To1|;=172, =~ —300 mK. Numerical values of A, for
the different colour bands are written in different colours.
For T71|;=172 =~ —300 mK case the value of A, written
with blue coloured text , while for 7T51|,=17, >~ —500 mK
case it is written with black coloured text. The spectral index
ranges from — 2.99 to — 1. The red dashed line represents
the Planck 2015 upper constraint on the present-day mag-
netic field strength with spectral index in both plots. This
constraint has been taken from Refs. [16,21].

In plot 4a, we consider Ts =~ Tg,s and we do not take
into account the X-ray and VDKZ18 effects on IGM gas
evolution. The zoomed inset in the figure shows the con-
tour plot when T»1|;=172 =~ —300 mK. Here, considering
To1l;=172 =~ =300 mK, for ng < —2.98 the A, = 200
is excluded similarly for np < —2.96 the A, 2 280 is
excluded by Planck 2015 upper constraint on By. Likewise,
for Tr1];=172 >~ —500 mK, forng < —2.97 the A, = 280is
excluded. For spectral index — 2.9 and excess radiation frac-
tion 418, we get the upper constraint on By to be ~ 1 nG and
1.3 nG by requiring T>1|,=17.2 =~ —500 mK (EDGES best
fit constraint) and — 300 mK (EDGES upper constraint),

@ Springer

1078 4 —-1.00
10-9 -1.25
10-10 -1.50
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8 10711
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10712
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10714 10 -2.75
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with black coloured text. In plot a, we consider Ts = Ty,s and do not
take into account the X-ray and VDKZ18 effects. While in figure b,
we consider the effects of VDKZ18 and X-ray on IGM gas due to first
stars after z < 35 and consider finite Lyo coupling. The colour-bars are
common for both plots

respectively. While for np = —1, these bound change to
1.1x 1073 nG and 1.6 x 1073 nG for Ty, l;=17.2 =~ =500 mK
and — 300 mK, respectively. In plot (4b), we include both
the VDKZ18 and X-ray effect and consider finite Ly cou-
pling. Asdiscusses earlier, for A, 2 100, Tr/ Ts ratio remain
nearly constant. Therefore, in the plot 4b, we can see that
for A, 2 100, the upper bound on By is not changing
significantly—the plots are merged for A, 2 100. These
plots have been shown by the zoomed inset. The right upper
zoomed inset is shown for 7>; >~ —300 mK, while left lower
zoomed inset is shown for green-yellow contour plots when
T>1 >~ —500 mK. Therefore, further increasing A, > 100
will not change significantly the upper bound on By. As illus-
trated in Figs. 1 and 2, Tg > Ty for A, > 0, and 171
(1—=Tg/Ty). Therefore, to get To; >~ —300 mK or —500 mK,
we need to lower By compared to previous scenario — Fig. 4a.
Hence, we get the more stringent upper bound on present-day
magnetic field strength in Fig. 4b. For spectral index — 2.9
and excess radiation fraction 418, we get the upper constraint
on Bytobe < 1.7 x 107! nG and 1.2 x 10~! nG by requir-
ing T21|;=172 =~ —300 mK and -500 mK, respectively. For
ng = —1, we get By < 6.9 x 107 nG and 3.7 x 107> nG
by requiring EDGES upper and best fit constraint on 21 cm
differential brightness temperature. Decreasing the values of
A;, the upper constraint on By becomes more stringent. For
example, when A, = 5, we get upper bound on present day
magnetic field strength to be < 1.4 x 107! nG for spec-
tral index — 2.99, and for spectral index np = —1 we get
By < 3.8 x 107° nG by requiring EDGES best fit constraint
on T»1. The upper bounds are also well below the Planck
2015 constraint [21].
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Fig. 4 In these plots, we study upper bounds on the present-day mag-
netic field strength (Bg) with spectral index (np) for different val-
ues of excess radiation fraction (A,). The green-yellow and red-grey
colour schemes represent the cases when 751 |,=172 =~ —500 mK and
—300 mK, respectively. For T»1|,=172 =~ —300 mK case the value of
n g written with blue coloured text , while for —500 mK case it is written

6 Conclusions

In the present work, we study the upper constraint on
the strength of the primordial magnetic fields for different
spectral index using the bound of EDGES observation on
T»1, in the presence of uniform redshift-independent syn-
chrotron like radiation reported by ARCADE 2 and LWAI
[6,8,14,53]. We have considered excess radiation fraction up
to the LWA1 limit at the reference frequency of 78 MHz, i.e.
A, ~ 418 [14,53]. To get the upper constraint on By, we
have used both the EDGES upper and best-fit constraints on
T»1. We have considered two scenarios: First, infinite Lyo
coupling (i.e. x4 > x., 1) without the effects of X-ray and
VDKZ18 on IGM gas evolution. Next, we have considered
the finite Ly coupling with X-ray and VDKZ18 effects. The
following summarises our results for 751 = —500 mK.

In the first scenario, for A, = 418, we get By < 3.7 nG for
spectral index — 2.99, while forng = —1 we get By < 1.1x
1073 nG. When A, = 5, upper constraint on present-day
magnetic field strength varies from By < 2.9 x 107! nG to
1.8 x 1073 nG by varying n g from —2.99 to — 1, respectively.

In the second scenario, the upper bounds on By will mod-
ify [50,77]. For A, = 418, we get the upper constraint on
magnetic field to be Bo(np = —2.99) < 4.9 x 10~! nG and
Bo(np = —1) < 3.7 x 107> nG. While for A, = 5, we
get upper bound on present day magnetic field strength to be
< 1.4 x 107! nG for spectral index — 2.99, and for spectral
index np = —1 we get By < 3.8 x 107° nG.

We would like to note that these upper bounds on By that
we have reported here are also consistent with the Planck
observations [21,82].
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with black coloured text. In plot a, we consider Ts = Tyas and do not
take into account the X-ray and VDKZ18 effects. While in figure b,
we consider the effects of VDKZ18 and X-ray on IGM gas due to first
stars after z < 35 and consider finite Ly coupling. The colour-bars are
common for both plots. The red dashed line depicts the Planck 2015
upper constraint on the present-day magnetic field strength [16,21]
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