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The origin of large-scale  
magnetic fields

• The observed cluster and galactic magnetic fields of about a few µG
may be resulted from the amplification of a seed field of B⇥ ⇥ 10�23 G
via the so-called galactic dynamo e�ect.

• Through most of its history, the universe has been a good conductor
which preserves the magnetic flux:

r � �B

��
= constant ⌅ �B ⇤ 10�34��.

• The seed fields may be generated inside or outside the Hubble horizon.
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•• The coupled system of evolution equations to be solved in order to get
the amplified field is

B�� �⇧2B� �em

2⇥M
⇧⇥B = 0,

⇤�� + 2H⇤� + m2a2⇤ = 0,

where B = a2B. From the first equation, there is a maximally amplified
physical frequency

⌅max ⌅
�em

2⇥
· m

However, the amplification of ⌅ from the inflaton dynamics is at the
order of

exp
⇤�

�em

2⇥

⇥
m

H

⌅

The modes which are substantially amplified are the ones for which
⌅max ⇤ H, i.e. they are sub-horizon modes which could not lead to
the large-scale magnetic fields we are interested in.
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Failing of an 
inflationary magnetogenesis 
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Axial coupling magnetogenesis 
• In a spatially flat universe, we consider an evolving pseudo-scalar

field � characterized by the action
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where L�� is the �-photon coupling given by

L�� =

c

MPl
� ✏

↵�µ⌫
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• The comoving magnetic field can be expressed in terms of the co-

moving coordinates (x, ⌘) as✓
r2 � @2

@⌘2

◆
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Magnetic mode equation 

• The magnetic field can be recast as B = r ⇥ AT , in which the

transverse field AT (⌘,x) can be further decomposed into Fourier

modes such that

AT =

Z
d3kp
2(2⇡)3k

"
eik·x

X

�=±

b�kV�k(⌘)✏�k + h.c.

#
,

where b±k

are destruction operators, and ✏±k

are circular polariza-

tion unit vectors. Then, it is straightforward to deriving the mode

equations from Eqs. (4) and (5) as

d2

d⌘2
V±q +

✓
q2 ⌥ 4cq

d�

d⌘

◆
V±q = 0,

where the dimensionless comoving wavenumber q = k/H.

• The comoving magnetic field can be expressed in terms of the co-

moving coordinates (x, ⌘) as✓
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the amplified field is
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Hence the growing mode can be identified with V+q ⌥ exp(⌃⇥) with
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Magnetogenesis during inflation 





Magnetogenesis during inflation
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Inflationary PMF 



A slow-roll is not enough 

The r vs c diagram suggests that the megnetogenesis induced by the

spinodal instability in the slow roll regime is not e�cient enough.

The dashed line marks the line of r = 10

�34
.



Slow-roll is not enough!



Invoking a fast-roll stage



A fast-rolling inflationary PMF 

The di↵erential spectrum of magnetic energy density normalized
to the photon energy density during the inflation. The coupling
constant is set to c = 12.7. The magnetic peak mode crossing out
the Hubble horizon at q = 425.5 corresponds to a comoving distance
of about 10 Mpc.



The energy constraint 

The evolution of the energy density ratio ⇢B/⇢� within the inflationary

epoch. The peak mode crossing out the horizon at qpeak ' 425 corresponds

to a comoving distance of about 10 Mpc. Apparently, ⇢B � ⇢� for the

most time during the inflation.



Conclusion: a no-go theorem 
With certain modifications, nonetheless, such a magnetogenesis scenario

of spinodal amplification may not be completely ruled out yet. Since the

magnetic energy density ⇢B scales as a�4
, and ⇢� is only important in the

post inflationary reheating stage, the condition for a viable mechanism of

magnetogenesis that ⇢B . ⇢� at all times then gives rise to

⇢B
⇢�

����
N=60

⇡ ⇢B/⇢�
⇢�/⇢�

����
N=60

' 10

�34

✓
a60
a⇤

◆4

. 1,

where a60 / exp(60) represents the scale factor at the end of inflation,

and a⇤ / exp(N⇤) signifies the scale factor at the moment when the kinetic

energy of the fast inflaton is thoroughly transformed into the magnetic

energy. This criterion can be translated to N⇤ & 40, i.e. the regime of

spinodal instability should not be terminated prior to 20 e-folds after the

onset of inflation.


