
Searching for Axion Stars

University of Wisconsin-Madison

Yang Bai

IBS-ICTP Workshop on Axion-like Particles, Nov. 8, 2019



2

Collaborators

Vernon Barger Joshua Berger

arXiv:1612.00438, 1709.10516, and work in progress

Yuta Hamada



3

Outline

3

Motivations for QCD axion dark matter

Formation of QCD axion stars (BEC)

Radio signals

Hydrogen axion stars

Conclusions

Detecting axion stars

Stability of dense axion stars

Microlensing

Inside a planet



4

Strong CP Problem
                : instanton solution for non-Abelian gauge 
theories
⇡3(G) = Z

It provides an explanation for the          problem or why     
is heavier than other mesons

U(1)0 ⌘0

The consequence is that QCD has one more term of

L✓ = � g2s
32⇡2

✓Ga
µ⌫

eGaµ⌫

the quark-field redefinition-invariant quantity: 

✓ = ✓ + arg[det(Mu Md)]

This angle violates CP and contributes to neutron EDM, 
which need to have               , from experimental limits.✓ . 10�10



5

Possible Solutions

Peccei-Quinn 
Symmetry

Nelson-Barr
Mechanism

V (�) ⇠ m2
⇡f

2
⇡ cos

✓
�

fa
� ✓

◆

a = �� h�i = �� fa ✓

axion particle
Weinberg ’1978; Wilczek ’1978

ma fa ⇡ m⇡ f⇡

CP or P is a good 
symmetry at UV and 

broken in IR with a zero 
determinant of quark mass 

matrices

heavy vector-
like quarks

LHC or future colliders
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Axion as Cold Dark Matter
The thermal production is suppressed for             GeV fa & 108

Based on the standard cosmology, the leading production 
mechanism is the misalignment mechanism.

In this talk, I will concentrate on the parameter space of

fa . H
end
I

2⇡

with the end of inflation Hubble scale:                              
from Planck 2015

H
end
I < 8.7⇥ 1013 GeV

For some cases, the axionic string decays also contribute 
with a large O(1-100) uncertainty

Preskill, Wise, Wilczek ’1983, Abbott and Sikivie, ’1983

see Masahide Yamaguchi and Giovanni Villadoro talks
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Misalignment Mechanism
The initial angle could have random distributions from one 
patch of the sky to another
Defining the dynamical field:                          , the EOM is  ✓(x) ⌘ a(x)/fa

✓̈ + 3H(T ) ✓̇ +
1

f2
a

@V (✓)

@✓
= 0

The axion field is frozen to its initial value until the axion 
mass becomes comparable to         . This happens at the 
oscillation temperature 

ma(T1) = 3H(T1)

The temperature-dependent axion mass can be estimated 
using dilute instanton gas approximation. It can be 
numerically fit by

ma(T )

ma
= b

✓
⇤

T

◆c

[1� ln(⇤/T )]d = (0.02� 0.3)(⇤/T )3.7

Turner, PRD 33, 889 (1986)

H(T )
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Misalignment Mechanism
The current axion relic energy density is then

⇢mis�align ⇡ ma ma(T1) s(T0)

2 s(T1)
f2
a h✓2i f(✓i)i

The axionic string decay can also contribute. Altogether,

If we impose the SM QCD relation:                       . We 
anticipate the axion mass of          eV for                           
and          eV for       

On the other hand, the above relation can also be applied 
to other general QCD axion models, where additional 
contributions to its mass can happen: 

⌦a h
2 ⇡ 0.112

✓
1 + rstring

1

◆ ✓
ma

5⇥ 10�5 eV

◆1/2 ✓
fa

2⇥ 1011 GeV

◆1.68 ✓
0.02

b

◆
h✓2i f(✓i)i

8.77

10�5 rstring = O(1)

10�2 rstring = O(100)

mafa � m⇡f⇡

mafa ⇠ m⇡f⇡

see Giovanni Villadoro’ talk for more precise value
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Axion Dark Matter Parameter Space

For a generic model, the axion mass should be below 
O(100 eV)

10-6 10-4 0.01 1 100 104
107

109

1011

1013

�� (��)

� �
(�
��

) ★

♣

m
a fa ∼ (0.1GeV) 2

rstring � 0
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100

Stellar energy-loss limits

fa < HIend/2π

τ a
> 1
.9
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0
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τ a
> 1
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0
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s
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L
&
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Bose-Einstein Condensation of Axions

The axion field is expected to 
have different values from 
one Hubble patch to another

Kolb, Tkachev, hep-ph/9303313 …..
Zurek, Hogan, Quinn, astro-ph/0607241
Sikivie and Yang, 0901.1106
Guth, Hertzberg, Prescod-Weinstein, 1412.5930
Eby, Suranyi, Vaz, Wijewardhana, 1412.3430, 
……, 1712.04941
Braaten, Mohapatra, Zhang, 1512.00108, …
Raby, 1609.01694
Visinelli, Baum, Redondo, Freese, Wilczek, 
1710.08910
……

They can develop structures 
much earlier than the ordinary 
large scale structure
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Fraction of axions in Axion Star
Not an easy question. Numerical simulations required. 

From the point of view of cosmological applications, per-
haps the most important effects left out of this simple
model are the expansion of the universe and the gravita-
tional attraction. The expansion dilutes gas available for
clumping and thus slows the clumping down. The gravi-
tational attractions works in the opposite direction. The
net effect of these opposing tendencies can in principle be
found via numerical integrations, and we plan to return
to this important question in future.

The model contains a nonrelativistic complex Bose
field ψ with the following equation of motion

2mi
∂ψ

∂t
= −∇2ψ − |ψ|2ψ + g6|ψ|

4ψ . (1)

The field is normalized so that the attractive cubic term
on the right-hand side has the coefficient of unity. The
corresponding coupling g4 then appears in the commuta-
tion relation:

[ak, a†

k
′ ] = |g4|δkk

′ , (2)

the annihilation operators ak being defined via ψ(r) =

V −1/2
∑

k ak exp(ikr) in a finite volume V . The quintic
term in (1) is repulsive, and it becomes important when
ψ†ψ approaches g−1

6 . (The coupling g4 appearing in (2)
is related to λ of the relativistic λφ4/4 potential via g4 =
3λ/2m, and to the scattering length a of a nonrelativistic
Bose gas via g4 = 8πa; here h̄ = 1. The physical density
is ψ†ψ/|g4|.)

Our integrations are set up as follows. In the initial
state the occupation numbers nk = a†

k
ak have a Gaus-

sian distribution over momenta

nk = A exp(−k2/k2
0) . (3)

The population of the homogeneous mode is n0 = A,
which is not considerably larger than population of other
modes with small k. In this sense, there is no macroscopic
condensate in the initial state.

Now, we assume that g4 in (2) is small compared to A
in (3). Then, we can neglect the commutator of a and
a† compared to the typical magnitude of a itself, cf. Bo-
goliubov [1]. As a result, the problem becomes classical
and can be integrated on a lattice. This classical approx-
imation has been used to study nonlinear dynamics of
relativistic Bose fields at large occupation numbers [16]
and the process of Bose-Einstein condensation [13]. In
the present work, we use it to demonstrate the forma-
tion of quantum dew in the model (1). This use involves
no contradiction of terms: quantum dew is an effect of
quantum statistics when one thinks in terms of individual
particles, but it comes out as an effect of classical evolu-
tion in the collective, field-theoretical description. Notice
that eq. (3) determines only absolute values of ak; their
phases are chosen as uncorrelated random numbers.

We choose the parameters of the model in such a way
that ⟨ψ†ψ⟩ ≪ g−1

6 ; the angular brackets denote averag-
ing over the lattice. This means that in the initial state

the attractive interaction is much more important than
the repulsive one. In this case, we expect that, in appro-
priate dimensionless units, the time scale tc of the initial
collapse of the gas into clumps depends only on the single
remaining parameter of nonlinearity

ξ =
⟨ψ†ψ⟩

2mϵ
, (4)

where ϵ is the average kinetic energy per particle in the
initial state; ξ is of order of the ratio of the initial po-
tential energy of attraction to the initial kinetic energy.
A similar parameter for an atomic gas in a trap will be
introduced below. We can write

t−1
c = ϵF (ξ) , (5)

where F is some function obeying the condition F (0) = 0
and F (1) ∼ 1. The form of F (ξ) at small ξ is established
below. For the initial distribution (3), the initial param-
eter of nonlinearity is ξ = k0A/12π3/2. We choose units
of time so that 2m = 1. We also use units of length in
which k0 = 2π, i.e. measure lengths in units of the parti-
cles’ typical initial de Broglie wavelength. Except where
stated otherwise, we consider the case of moderate non-
linearity A = 5, which corresponds to ξ = 0.47. We use
g−1

6 = 3600.
The results below are from integrations on a 643 cubic

lattice with side L = 2.25 (in the above length units) and
periodic boundary conditions. The state of the system
was updated via a second-order in time algorithm based
on the Crank-Nicholson method for the diffusion equa-
tion. The algorithm conserves the number of particles
exactly. Energy non-conservation was below 2% for the
entire integration time.

Fig. 1 shows two snapshots of the field, at times t = 0.1
and t = 20. Dots have been placed on all lattice sites at
which |ψ| > 30 (the mean-square value of |ψ| is 5.3).
Drops of dew are clearly seen.

0

20

2

t=0.1

0

20

2

t=20

FIG. 1. Drops of dew at different moments of time.

A movie of the evolution of this picture from t = 0.1 to
t = 20 shows that the drops of dew move around, gradu-
ally slowing down, and occasionally coalesce. The over-
all growth of the number of sites with |ψ| > 30 continues
even at t = 20, the latest time in our computation, but at
that time it is already quite slow. If we define that grid
points with |ψ| ≤ 8 belong to the gas, and correspond-
ingly grid points with |ψ| > 8 belong to the dew (|ψ| = 8

2

is approximately the boundary between the gas and the
dew at t = 20, see Fig. 3 below), we find that around 15%
of all particles are in the gas, and around 85% had con-
densed in the dew by the time t = 20. These fractions,
however, may be altered when gravity is included.

FIG. 2. Condensation process.

Fig. 2 shows initial stages of the condensation process:
we plot the fraction of particles that are in the dew, as a
function of time. We observe two distinct stages: a rapid
collapse followed by a slower chaotic evolution. Because
ξ ∼ 1 at A = 5, we estimate the time of collapse tc from
(5) as tc ∼ k−2

0 . For k0 = 2π this gives tc ∼ 0.025, in
good agreement with the data of Fig. 2. In the regime
of weak nonlinearity, ξ ≪ 1, we expect the collapse to
be due to two-particle collisions, in which case F (ξ) ∝
ξ2. (With this form of F (ξ), the estimate (5) for the
time of the collapse coincides with the estimate of the
condensation time of Ref. [6], which can also be obtained
from a solution to the Boltzmann equation [12]). The
time of the collapse then has to scale as A2 when we
decrease A and keep all other parameters fixed. Results
of integrations with different values of ξ < 1 confirm this,
see Fig. 2.

For an atomic gas confined in a trap, at some temper-
ature T , one can introduce initial parameter of nonlin-
earity ξT :

ξT =
4πh̄2|a|n

mT
, (6)

where n is a typical gas density, and a is the scatter-
ing length, which in the present case is negative. In (6),
kB = 1, but we have restored h̄. Let us use for estimates
n = (mT0/3.31h̄2)3/2 and T = T0, where T0 is the tem-
perature of BEC of an ideal monoatomic gas in a given
trap and with a given number of particles. Bradley et
al. [3] quote T0 = 300 nK and a = −27.3a0 for their ex-
periment with trapped 7Li (a0 is the Bohr radius); using
these values we obtain ξT = 0.006. Estimating the rate
of the collapse as h̄t−1

c ∼ T0ξ2T , we find tc ∼ 1 s. We thus
expect that quantum dew can be observed in laboratory
in traps of a sufficiently large size.

The onset of the slower chaotic evolution indicates that
a chemical quasiequilibrium between the dew and the gas
has been reached, i.e. the processes of evaporation of par-
ticles from the existing dew drops and condensation back
onto them are approximately (but not exactly) balanced.
This interpretation is supported by the following test.
The probability distribution of the absolute value of the
field over lattice sites shows two distinct peaks: one at
large |ψ|, corresponding to the dew drops, and another at
small |ψ|, corresponding to the gas of particles, see Fig.
3. If at some instant we remove the gas, i.e. set ψ = 0
at all sites where we had |ψ| < 10, and then continue the
evolution, the gas reappears, while the number of sites
occupied by the dew decreases down to another slowly
evolving value. Apparently, the dew partially evaporates,
so as to restore the chemical quasiequilibrium.

FIG. 3. Probability distribution function of the field mag-
nitude at t = 20 (the solid line). Initial probability distribu-
tion is shown by the dotted line.

FIG. 4. Field distribution in a spatial slice at t = 0.2.

3

Khlebnikov and Tkachev, hep-ph/9902272

A more sophisticated simulation may be required to have 
different initial conditions. 

It also has important consequence for searching for axion 
dark matter in our halo. 



13

Axion Star Mass
From the misalignment mechanism, the axion starts to 
oscillate after the QCD (or mirror QCD) phase transition 
temperature. 
Using the total number of axions in the H(                 ) 
volume to estimate the total number in one axion star 

T1 ⇠ ⇤QCD

Ma� ⇡ 10�11 M�
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Diluted Axion Stars 

The diluted axion stars are justified for 
Ma� . 10.15 fa/(maG

1/2
N )

Numerically, we find                           for       =0.05 meV, with 
a stronger bound for a heavier       . The QCD axion stars 
could be beyond the diluted region

Ma� . 4 ⇥ 10�13 M�

Chavanis and Delfini: 
1103.2054

ma

For the gravitational force to balance the quantum 
pressure:

with GN as the Newton constant. For the QCD axion, we anticipate mafa ≈ mπfπ ≈ (108 eV)2 [9]. To
account for all dark matter energy density, the axion mass is 10−5–10−3 eV [8]. We therefore choose
ma = 10−4 eV and fa = 1011 GeV as a benchmark model. Using a variation calculation based on the
hydrogen 1S wave function, it is easy to show that the radius of the diluted axion star is

Rdilut
AS ∼ 1

Ma⊙ GN m2
a
≈ 2.7× 106 m×

(
10−15 M⊙

Ma⊙

) (
10−4 eV

ma

)2

. (2)

Its energy density in the unit of m2
af

2
a is very small and has ρa⊙/m2

a f
2
a ≈ 4.5 × 10−21 for the same

model parameters of the above equation.
For a dense axion star, the self-interaction of axions is balanced by the gravitational attractive

interaction. Following the calculation in Ref. [21] with the Thomas-Fermi approximation, we show
the dense axion star size and mass in Fig. 1. We can fit the relation between the axion star radius
and mass approximately as

Rdense
AS = 1.5m ×

(
1011 GeV

fa

)1/2 (
10−4 eV

ma

)1/2(
Ma⊙

10−13 M⊙

)0.3

, (3)

For the dense axion star, the energy density in the unit of m2
af

2
a can be order of unit.

10- 10-13 10-10 10-7

0.1

1

10

100

Ma⊙/M⊙

R
A
S

(m
) mafa

=(10
eV)

m f =(2
×10

eV)
2

Figure 1: Dense axion star radius as a function of its mass, as estimated using the Thomas-Fermi
approximation. The solid lines are from numerical calculations and the dotted lines are from the fitted
functions in Eq. (3).

In our analysis later, we will treat Ma⊙, ma, and fa as three independent model parameters. We
note that depending on the detailed non-perturbative effects to generate the axion particle mass, there
could be some model-dependent relation among these three parameters.

3

For a heavier axion star mass, the radius decreases and 
the self-interacting energy increases

Eself. ⇡
M2

a�
m2

a f
2 R3

! Egrav. ⇡
GN M2

a�
R

<latexit sha1_base64="+akO8rGc8balkMk42FILNn94VYY="></latexit><latexit sha1_base64="+akO8rGc8balkMk42FILNn94VYY="></latexit><latexit sha1_base64="+akO8rGc8balkMk42FILNn94VYY="></latexit><latexit sha1_base64="+akO8rGc8balkMk42FILNn94VYY="></latexit>

ma
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Dense Axion Stars 
The axion self-interactions can 
provide additional pressure to 
balance the gravitational 
attraction or among themselves

3
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FIG. 1: Radius R99 of an axion star (normalized to R�) as
functions of its mass M (normalized to M�) for m = 10�4 eV.
The curves for the radius are stable dilute axion stars (upper
solid line), unstable axion stars (dashed line), stable dense
axion stars (lower solid line), and the Thomas-Fermi ap-
proximation (dotted line). The shaded region is below the
Schwarzchild radius 2GM/c2.

the critical massM⇤ in Eq. (7) at n̂0 = 1.3⇥10�14⌥4. Be-
yond this critical point, the solutions are unstable under
perturbations that increase the central density [13].

We now consider dense axion stars, in which  ⇤ can
be comparable to or larger than mf2. In this case, one
must use an approximation to Ve↵ that includes all or-
ders in  ⇤ , such as the e↵ective potential in Eq. (5).
As illustrated in Fig. 1, the unstable solutions for a di-
lute axion star can be continued from the critical point
at M⇤ to smaller values of M where Ve↵ can no longer
be truncated after the ( ⇤ )2 term. The mass decreases
to a minimum value M 0

⇤ at a second critical point where
n̂0 = 13, and then M begins increasing. At both crit-
ical points, the slope of the chemical potential µ as a
function of M is infinite. By Poincare’s theory of linear
series of equilibria, the number of unstable modes must
change by one at each critical point [14]. We have not ex-
cluded the possibility that the number of unstable modes
changes to two after the second critical point, but we as-
sume it changes to zero. This assumption is supported by
the Thomas-Fermi approximation described below. The
solutions beyond the second critical point are then sta-
ble dense axion stars, in which the mean-field pressure
of the axion BEC balances the force of gravity and the
kinetic pressure. For m = 10�4±2 eV, the second criti-
cal mass M 0

⇤ is 1.2 ⇥ 10�20⌥6M�, which corresponds to
1.3⇥ 1050⌥8 axions. The radius R99 at the critical point
is 2.6⇥ 10�11⌥2R�, which is equal to 9.2(h̄/mc).

Thomas-Fermi approximation. Beyond the second
critical point, the accurate numerical solution of Eqs. (8)
becomes increasingly challenging as n0 increases further.
The mean-field energy also becomes increasingly large
compared to the kinetic energy. The solution can there-
fore be simplified using the Thomas-Fermi approxima-

tion, in which the kinetic energy is neglected. This ap-
proximation provides an excellent description of BECs
of ultracold atoms when the number of atoms is large
enough that their interaction energy is comparable to
the trapping energy [15]. It has been applied previously
by Wang to boson stars in which the interaction between
a pair of bosons is repulsive [16]. In the Thomas-Fermi
approximation, the r2 term on the left side of Eq. (8a)
is neglected. For the e↵ective potential Ve↵ in Eq. (5),
Eq. (8a) reduces to

0 =
h
µ�m

�
J1(n̂

1/2)/n̂1/2
�

1
2

�
�m�

i
 , (9)

where J1(z) is a Bessel function. This equation either re-
quires  = 0 or it determines � in terms of  . Inserting
the expression for � into Eq. (8b) gives a self-contained
second-order di↵erential equation for  . Given the cen-
tral density n0 and the boundary condition  0(0) = 0,
that di↵erential equation can be integrated to obtain  (r)
as a function of r. If  (r) does not cross zero, there is
no solution to Eqs. (8) for that central density. If  (r)
crosses 0 at some radius RTF, there is a solution. The
Thomas-Fermi approximation is  (r) for r < RTF and
0 for r > RTF. We refer to RTF as the Thomas-Fermi
radius. This approximation is continuous, but its first
derivative has a discontinuity at r = RTF. In Fig. 1, the
Thomas-Fermi approximation has been used to extend
the branch of dense axion stars up to a mass of 1.9M�,
beyond which there is no solution within this approxima-
tion. The relation between RTF and M is independent of
m for fixedmf . It is accurately approximated by a power
law: RTF/R� = 2.1 ⇥ 10�5(M/M�)0.305. The Thomas-
Fermi approximation has solutions for arbitrarily small
M . Its extrapolation to M below its range of validity is
shown in Fig. 1. The region where R is smaller than the
Schwarzchild radius 2GM/c2 of the axion star is shown
in Fig. 1 as a shaded region. Since RTF is much larger
than 2GM/c2 over most of the range of a dense axion
star, Newtonian gravity is a good approximation.

Other branches. The existence of dense axion star
solutions can be understood by considering the balance
of forces in the Thomas-Fermi approximation. The forces
are the negatives of the gradients of the energies inside
the square brackets in Eq. (8a). The condition for the
balance of forces is

V
00
e↵( 

⇤ )
d

dr
( ⇤ ) +m

d

dr
� = 0. (10)

If  ⇤ is a positive decreasing function of r and � is a
negative increasing function of r, the balance of forces
requires V 00

e↵ to be positive. In a region of r where V
00
e↵ >

0, the repulsive mean-field pressure of the axion BEC can
balance the attractive gravitational force. In a region of
r where V

00
e↵ < 0, the mean-field pressure is attractive

and the two attractive forces must be balanced by the
kinetic pressure of the axions. In Fig. 2, V 00

e↵ is shown as

Braaten, Mohapatra, Zhang, 
1512.00108

The QCD axion star could be in 
the “dense axion star” branch 

with GN as the Newton constant. For the QCD axion, we anticipate mafa ≈ mπfπ ≈ (108 eV)2 [9]. To
account for all dark matter energy density, the axion mass is 10−5–10−3 eV [8]. We therefore choose
ma = 10−4 eV and fa = 1011 GeV as a benchmark model. Using a variation calculation based on the
hydrogen 1S wave function, it is easy to show that the radius of the diluted axion star is

Rdilut
AS ∼ 1

Ma⊙ GN m2
a
≈ 2.7× 106 m×

(
10−15 M⊙

Ma⊙

) (
10−4 eV

ma

)2

. (2)

Its energy density in the unit of m2
af

2
a is very small and has ρa⊙/m2

a f
2
a ≈ 4.5 × 10−21 for the same

model parameters of the above equation.
For a dense axion star, the self-interaction of axions is balanced by the gravitational attractive

interaction. Following the calculation in Ref. [21] with the Thomas-Fermi approximation, we show
the dense axion star size and mass in Fig. 1. We can fit the relation between the axion star radius
and mass approximately as

Rdense
AS = 1.5m ×

(
1011 GeV

fa

)1/2 (
10−4 eV

ma

)1/2(
Ma⊙

10−13 M⊙

)0.3

, (3)

For the dense axion star, the energy density in the unit of m2
af

2
a can be order of unit.
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Figure 1: Dense axion star radius as a function of its mass, as estimated using the Thomas-Fermi
approximation. The solid lines are from numerical calculations and the dotted lines are from the fitted
functions in Eq. (3).

In our analysis later, we will treat Ma⊙, ma, and fa as three independent model parameters. We
note that depending on the detailed non-perturbative effects to generate the axion particle mass, there
could be some model-dependent relation among these three parameters.

3

The existence of a dense QCD axion star is under debate in 
the literature. I will come back to this point later 

The calculation is based the Thomas-Fermi non-relativistic 
approximate, which is not consistent with the state obtained
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Population of Axion Stars
The averaged population in the Universe is around

Inside a galaxy, the number density is enhanced 

O(1) ⇥ (0.1 pc)�3

We anticipate O(1) in our solar system. Where is it?
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Figure 3: Left panel: the population of axion stars with an average dark matter energy density around
1.2 GeV/m3 in the Universe. Right panel: the same as the left but for the local solar system dark
matter energy density of 0.4 GeV/cm3.

of axion stars using both the averaged dark matter energy density in the Universe and in the local

solar system.

Relaxation can begin once the axion acquires a significant mass. The relaxation time to reach a

BEC state can be estimated by the time scale for evolution of the occupancy number in mode k. As

shown in [30], this evolution time is given by

⌧k,relaxation ⇠ min


4 f2

a

nave

,
k
2

8⇡GN m2
a nave

�
, (19)

where nave is the average axion number density and GN = 6.7⇥10�39 GeV�2 is Newton’s gravitational

constant. The number density is at least the average number density of axions in the universe, na(T ),

which at T1 is given by na(T1) ⇠ 5⇥ 1049 m�3 for an axion mass of ma = 5⇥ 10�3 eV. At a reference

wavenumber determined by the Hubble scale at the T1, relaxation is dominated by self-interactions;

the relaxation time determined by gravitational interactions is more than three orders of magnitude

larger. We then find that the relaxation time is given by

⌧relaxation . 2.8⇥ 10�8 sec⇥
5⇥ 10�3 eV

ma

, (20)

for a QCD axion. Note that

⌧relaxationH . 0.02 ⇥


10

g⇤(T1)

�
1/2

✓
1 GeV

T

◆
, (21)

so the axion star relaxation is rapid around the QCD phase transition. Even though the relaxation

due to self-interactions becomes slower, the gravitational relaxation of modes on the Hubble scale

becomes more important and helps ensure rapid relaxation at all times.

12
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Seeding Dust Accretion
The axion stars have its primordial formation. Their 
existence inside solar or solar-like system may change the 
formation of stars and planets. 

The axion stars could seed some planet formation. As a 
result, it may stay inside the core of a planet [O(10) in our 
Solar system] 
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How do we know its existence?
They may change the properties of a planet. The particle 
physics properties of axion may show up. 

The reverse process can have the ordinary matter absorb 
axions. 
Because of its pseudo-scalar nature, scattering off a non-
relativistic electron should be proportional to m2

a/f
2
a

The absorption is similar to the E1 absorption of a photon:
�absorb
a!� v

�photo(! = ma)c
⇡ 3m2

a

4⇡ ↵ f2
a
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Figure 5: The baryonic number density as a function of radius from the axion star center.
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5.1 Detecting Axion Stars inside Planets

5.2 Axion Star Heats up Planets

5.3 Seismology
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For photon in high density (conductor) region, the 
absorption rate is related to the real part of the complex 
conductivity 

Further, if we take the approximation that |q| ≪ q0, which is certainly true for the kinematics of axion

absorption, we find that

Γ = ΓL = ΓT = σ1. (43)

In terms of the absorption cross-section in the medium, which we assume is coming entirely from

absorption by free electrons in the conductor, we find that

Γ = ⟨neσabsvrel⟩, (44)

where ne is the number density of free electrons, σabs is the absorption cross-section, and vrel is the

relative velocity of the incoming particles. Finally, putting (43) and (44) together, we obtain our final

result of

⟨neσabsvrel⟩ = σ1. (45)

Our remaining task is to determine σ1 and ne for the system of interest.

A.2 Density of electrons

The density of conduction band electrons is related to the Fermi energy, which is EF = 11.1 eV

(corresponding to a temperature of 1.3 × 105 K) for iron in standard conditions. The density of free

electrons can then be calculated (at 0 temperature) to be

ne =

√
2m3/2

e

π2

(
2

3
E3/2

F

)
= 1.68× 1023 cm−3, (46)

where the numerical temperature is for iron. This corresponds to two free electrons per iron atom.

At high temperatures, we have to integrate over the a combination of the density of states and the

Fermi-Dirac distribution as

ne =

√
2m3/2

e

π2

∫ ∞

0
dE

√
E

e(E−EF )/T + 1
= −

(
mT

2π

)3/2

Li3/2
(
−eEF /T

)
(47)

The temperature in the center of the Earth is of order 5700 K, so that the temperature is still too low

to have a significant effect on the free electron density. In other words, the value in (26) should still

hold in the center of the Earth. It appears that the high temperature, as well as the increased iron

atom density do not play a role, though this remains to be verified.

A.3 DC Absorption

At low frequencies (DC), the absorption of photons has been extremely well studied, even at the high

pressure and temperature conditions of the Earth’s core. For example, Ref. [31] determines the DC

16

Based on the Drude model combining with experimental 
data, the photon absorption rate in iron is 

20



Axion Absorption Rate
Converted to our axion case, we have
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It is much easier for a heavier axion to be absorbed
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Power Generated by Axion Stars
The absorbed axions by the material in the core of a planet 
can provide additional power Pa!� = Ma�c

2�a!�vne
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The absorption rate is related to the real part of the 
complex conductivity

Further, if we take the approximation that |q| ≪ q0, which is certainly true for the kinematics of axion

absorption, we find that

Γ = ΓL = ΓT = σ1. (43)

In terms of the absorption cross-section in the medium, which we assume is coming entirely from

absorption by free electrons in the conductor, we find that

Γ = ⟨neσabsvrel⟩, (44)

where ne is the number density of free electrons, σabs is the absorption cross-section, and vrel is the

relative velocity of the incoming particles. Finally, putting (43) and (44) together, we obtain our final

result of

⟨neσabsvrel⟩ = σ1. (45)

Our remaining task is to determine σ1 and ne for the system of interest.

A.2 Density of electrons

The density of conduction band electrons is related to the Fermi energy, which is EF = 11.1 eV

(corresponding to a temperature of 1.3 × 105 K) for iron in standard conditions. The density of free

electrons can then be calculated (at 0 temperature) to be

ne =

√
2m3/2

e

π2

(
2

3
E3/2

F

)
= 1.68× 1023 cm−3, (46)

where the numerical temperature is for iron. This corresponds to two free electrons per iron atom.

At high temperatures, we have to integrate over the a combination of the density of states and the

Fermi-Dirac distribution as

ne =

√
2m3/2

e

π2

∫ ∞

0
dE

√
E

e(E−EF )/T + 1
= −

(
mT

2π

)3/2

Li3/2
(
−eEF /T

)
(47)

The temperature in the center of the Earth is of order 5700 K, so that the temperature is still too low

to have a significant effect on the free electron density. In other words, the value in (26) should still

hold in the center of the Earth. It appears that the high temperature, as well as the increased iron

atom density do not play a role, though this remains to be verified.

A.3 DC Absorption

At low frequencies (DC), the absorption of photons has been extremely well studied, even at the high

pressure and temperature conditions of the Earth’s core. For example, Ref. [31] determines the DC

16

It is unlikely to have a axion star sitting in the core of a 
planet. We may look for some more trackable signatures
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Axion Star meets Neutron Stars
In an external magnetic field, the axion-generated current

YB, Hamada, 1709.10516
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Figure 1: Dense axion star radius and mass from Thomas-Fermi approximation. The solid lines are
from numerical calculations and the dotted lines are from the fitted functions.

3 Axion Electromagnetism

To observe the existence of the axion stars beyond its gravitational interaction [5,6], one could adopt
other interactions of axion with SM particles. The relevant interactions are

L ⊃ −1

4
FµνF

µν − cγ
α

4π fa
aFµν F̃

µν − cψ
∂µa

fa
ψγµγ5ψ . (6)

Here, we use ψ to represent SM fermions including electrons and quarks and F̃µν = 1
2ϵ

µνρσFρσ . With
the existence of axion field, the Maxwell’s equations are modified as

∂µF
µν = jνψ + jνa ≡

∑

ψ

qψ eψγ
ν ψ − cγ α

π fa
∂µa F̃

µν . (7)

In terms of the
#»

B and
#»

E field, we have the axion-generated current as

j0a = −cγ α

π fa
∇a · #»

B , and j⃗a =
cγ α

π fa

[
(∂ta)

#»

B + (∇a)× #»

E
]
. (8)

Here, the axion field a(t, x⃗) has variations in both time and space. In the Lorenz gauge with ∂µAµ = 0,
the equation of motion of the gauge field is ∂2Aµ = jµ. Using the Green’s function method and taking
the retarded boundary condition, we have the gauge field as

Aµ
a(x⃗, t) =

1

4π

∫
d3y

jµa (y, t− |x⃗− y⃗|)
|x⃗− y⃗| . (9)

If we ignoring the time-dependence of the background
#»

B field and only keep the sinusoidal time
dependence eima t of the axion field, the gauge field is the real part of

Aµ
a(x⃗, t) =

eima t

4π

∫
d3y

jµa (y) e−ima |x⃗−y⃗|

|x⃗− y⃗|
≃ eima t e

−ima r

4π r

∫
d3y jµa (y) e

i ma n⃗x·y⃗ . (10)

2

Using the Green’s function method and taking the retarded 
boundary condition, the gauge field is
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3 Axion Electromagnetism

To observe the existence of the axion stars beyond its gravitational interaction [5,6], one could adopt
other interactions of axion with SM particles. The relevant interactions are

L ⊃ −1

4
FµνF

µν − cγ
α

4π fa
aFµν F̃

µν − cψ
∂µa

fa
ψγµγ5ψ . (6)

Here, we use ψ to represent SM fermions including electrons and quarks and F̃µν = 1
2ϵ

µνρσFρσ . With
the existence of axion field, the Maxwell’s equations are modified as

∂µF
µν = jνψ + jνa ≡

∑

ψ

qψ eψγ
ν ψ − cγ α

π fa
∂µa F̃

µν . (7)

In terms of the
#»

B and
#»

E field, we have the axion-generated current as

j0a = −cγ α

π fa
∇a · #»

B , and j⃗a =
cγ α

π fa

[
(∂ta)

#»

B + (∇a)× #»

E
]
. (8)

Here, the axion field a(t, x⃗) has variations in both time and space. In the Lorenz gauge with ∂µAµ = 0,
the equation of motion of the gauge field is ∂2Aµ = jµ. Using the Green’s function method and taking
the retarded boundary condition, we have the gauge field as

Aµ
a(x⃗, t) =

1

4π

∫
d3y

jµa (y, t− |x⃗− y⃗|)
|x⃗− y⃗| . (9)

If we ignoring the time-dependence of the background
#»

B field and only keep the sinusoidal time
dependence eima t of the axion field, the gauge field is the real part of

Aµ
a(x⃗, t) =

eima t

4π

∫
d3y

jµa (y) e−ima |x⃗−y⃗|

|x⃗− y⃗|
≃ eima t e

−ima r

4π r

∫
d3y jµa (y) e

i ma n⃗x·y⃗ . (10)

2For a dense axion with 1S-like distribution function, the 
radiated power could be large

value is

a(r⃗) =

√
Ma⊙

ma

1√
4π

2

R3/2
AS

e−r/RAS , (14)

where we have chosen the normalization to have the total axion-star mass to be Ma⊙ ≈ Nama in the
non-relativistic approximation. Performing a straight-forward integrations of Eqs. (9)(10) and in the
limit of RAS ≫ 1/ma, we have the field value as

A0
a = −cγα

πfa

eima(t−r)

√
4π r

√
Ma⊙

m4
aR

5/2
AS

4 i r̂ · #»

B ≡ −f1(r) iB cos θ , (15)

#»

Aa =
cγα

πfa

eima(t−r)

√
4π r

√
Ma⊙

m4
aR

5/2
AS

4
#»

B ≡ f1(r)
#»

B . (16)

Choosing
#»

B along the ẑ direction, we have r̂ · #»

B = B cos θ. Using the relation of ∇ × [f1(r)
#»

B] =
[∇f1(r)]×

#»

B = f ′
1(r)r̂×

#»

B for a constant
#»

B, we have the generated
#»

Ba ≈ −imaf1(r) r̂×
#»

B at the leading
order of 1/r. The generated electric field

#»

Ea ≈ −maB cos θ f1(r) r̂ +
1
r iB sin θ f1(r)θ̂ − ima f1(r)

#»

B.
The radiated power is

dP

dΩ
= r2

∣∣∣r̂ ·
#»

Ea ×
#»

Ba

∣∣∣ ≈ r2m2
a f

2
1 (r)B

2 sin2 θ =

(
cγα

πfa

)2 4

π

Ma⊙

m6
aR

5
AS

| #»B|2 sin2 θ , (17)

= 4.2× 1011 W× c2γ sin2 θ

(
1011 GeV

fa

)2 (
10−4 eV

ma

)6
(

| #»B|
1010 Gauss

)2 (
Ma⊙

10−13M⊙

) (
1.5m

RAS

)5

,

= 4.2× 1011 W× c2γ sin2 θ

(
ma fa

(108 eV)2

)1/2 (10−4 eV

ma

)4
(

| #»B|
1010 Gauss

)2 (
Ma⊙

10−13M⊙

)−0.5

,

in the last step, we have used the relation in Eq. (3) for the radius of a dense axion star. The magnetic
field could change its direction, so there could be some source-dependent frequency for θ. Numerically,
the time scale of the collision is O(fewRNS/vrel) ≈ O(0.1 s) while the period of rotation of the typical
pulser is 10−3–101 s. This implies that the radio wave power from the collision may oscillate in time.
This observation may help to disentangle signals from backgrounds, if the power is large enough. For
the source at the scale of 1 pc, with B = 1010 Gauss and for ma = 10−4 eV, the estimated spectral flux
density is around 10−7 Jy.

4.2 With Medium

If there is a medium surrounding the axion star and with a static magnetic field, the response of medium
to the axion-generated electric field may generate a large radiation power. For a plasma of electrons
and ions, the electron motions responding to the oscillating electric field behave as an oscillating
electric dipole moment [53]. The large number density of electrons could potentially increase the
radiation power. However, for a macroscopic medium, the induced electric field from the axion and
static magnetic field is also suppressed by the plasma frequency, so the axion-star radiated power is
not amplified in the medium.
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Axion Star meets Neutron Stars

YB, Hamada, 1709.10516

The encounter rate in our galaxy is estimated to be

rate, we simply use the geometric cross section augmented by the “gravitation focus” effect or the
increasing Safronov number [58]. The cross section has the form of

σ = π (RAS + ℓRNS)
2

[
1 +

v2esc
v2rel

]
= π (RAS + ℓRNS)

2

[
1 +

2GN (MNS +Ma⊙)

v2rel (RAS + ℓRNS)

]
, (27)

with RNS ∼ 10 km and MNS ∼ M⊙ as the neutron-star radius and mass, respectively. The relative
speed is approximately the averaged axion-star speed in our galaxy and around 300 km/s. The escaping
velocity is estimated to be vesc ≈ 1.6 × 105 ℓ−1/2 km/s. The encounter events per year are estimated
to be

Ncollision/year = nAS × nNS × σv × Vgalaxy ≃ nAS ×NNS × σvrel (28)

= 0.003 × ℓ fAS

(
10−13 M⊙

Ma⊙

) (
NNS

109

)
. (29)

For a lighter axion star, the encountering events can happen more frequently in our galaxy. From
Eq. (29), the encounter events per year are not large. However, we note that the calculation here
is just the order-of-magnitude estimation. The actual encounter rate could be increased significantly
if a dark matter clump happens in the neutron-star-rich region. As can be seen from Eq. (29), the
encounter rate can become large with a large value of ℓ, at the price of a suppressed magnetic field
by ℓ−3. 7 Furthermore, if the number of neutron stars is larger than 109 in our galaxy, then we may
also obtain a larger encounter rate. Having these possibilities in mind, we will simply assume that
encounter event can happen at the scale of one year and discuss the detectability.

From Eq. (17) and when one axion star enters the vicinity of a neutron star, the radiated power
can vary from 1011 W to 1021 W, depending on the magnetic field size from 1010 Gauss to 1015 Gauss.
This kind of event is also likely to be a transient one with the time scale of O(fewRNS/vrel) ≈ O(0.1 s).
Since this encounter event is like a point source from the astrophysical point of view, the closest event
to our solar system may have the highest probability to be detected. For the ∼ 109 neutron stars
in the our galaxy disk, the averaged density is roughly one per parsecs. For sure, the anticipated
encounter rate at a distance of parsecs is very tiny.

Using Eq. (17) and assuming a typical source distance of 1 kpc, the estimated spectral flux density
from axion–neutron-star encounter is

S ≈ 2.9× 10−13 Jy×
(

ma fa
(108 eV)2

)1/2 (10−4 eV

ma

)5 (
10−13M⊙

Ma⊙

)0.5
(

| #»B|
1010 Gauss

)2 (
1 kpc

dsource

)2

, (30)

which is applicable for the dense axion-star mass above the upper bound for the diluted axion mass
in Eq. (1). The encounter rate is given in Eq. (29) with the typical source distance at kpc scale. The
spectral density flux highly depends on the axion particle mass, the neutron-star magnetic field and
the location of the encountering event.

7Here, it is assumed that the neutron star is the point-like magnetic dipole source outside the neutron star. For the
realistic magnetic field, the corresponding power could be different.
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Figure 2: The detectability of the radio signal from the encounter event of the neutron star and
density axion star. The sensitivities from Arecibo, GBT, JVLA, FAST, and SKA-mid are shown for
tobs = 1hour. The lower end of the orange and brown lines correspond to the lower bound on the
dense axion star mass, see Eq. (1).

the product of mafa = (108 eV)2 to approximately match the QCD axion relation. For a large value of
magnetic field above ≈ 1013 Gauss, the sensitivities of radio telescopes are good enough to potentially
observe the transient O(0.1 s) radio source, very similar to the fast burst radio, except located within
our galaxy.

6 Discussion and Conclusions

So far, we have concentrated on the radiation power from a dense axion star. Our calculation has
been kept very general such that our Eq. (17) can be applicable to other axion stars like a diluted
axion star. For sure, the diluted-axion-star radius RAS, given by the Eq. (2), is much larger than the
one for a dense axion star in Eq. (3). Since the flux is proportional to R−5

AS as shown in Eq. (26), the
signal of a diluted axion star is dramatically suppressed compared with that of a dense axion star and
is unlikely to be observed. This large suppression factor is due to the interference effect when one
integrates the radiation power generated from different regions of the axion star.

We also comment on the case of the non-QCD axion. In this case, the relation of mafa ≈ (108 eV)2

does not need to be satisfied. Requiring the symmetry breaking scale below the end-of-inflation scale
and satisfying the astrophysical bound, the decay constant should be still in the range of 108 GeV <
fa < 1013 GeV. Keeping the axion star mass around 10−13M⊙ and from Eq. (1), one could have
fa = 108 GeV to saturate the astrophysical bound. To have a dense axion star, the axion particle
mass is bounded from below ma ! 10−7 eV. The maximum power for a dense non-QCD axion star

11

A nearby source with a large magnetic field may have a 
chance 



26

Outline

26

Motivations for QCD axion dark matter

Formation of QCD axion stars (BEC)

Radio signals

Hydrogen axion stars

Conclusions

Detecting axion stars

Stability of dense axion stars

Microlensing

Inside a planet



27

Primordial Accretion of Baryons
The axion star is formed below the QCD phase transition 
scale 
The baryons have approximately homogenous space 
distributions, except axion-star mass and size introducing 
another short-distance scale

For fast enough thermalization and collapsing rates, the 
hydrostatic equilibrium equation is

potential for ordinary baryons. As a result, the ordinary baryons should trace the locations of axion

stars and form some new structures. Due to the ratio of Ωb/ΩCDM ≈ 0.18 [21], if all baryons sur-

rounding an axion stars collapse into the center, the total mass of the “baryonic cloud” is anticipated

to be O(0.2Ma⊙). On the other hand, the percentage of the collapsed baryons depends on the axion-

star-generated gravitational potential or the axion star radius. The situation has some similarities to

the gas infall in dark matter halos in standard cosmology [30], where both dark matter and ordinary

baryon self-gravitational effects play the role.

To proceed, we can use hydrodynamics to describe the baryonic gas cloud evolution as a function

of time and space. This relies on the assumption that the whole system is in a thermal equilibrium

state. This assumption is valid, at least during an earlier time with a higher temperature, because the

gas cloud can have sufficient interaction rates with CMB photon and/or scattering among themselves

to thermalize the system. After the gases relax around the axion star, one can use the following

hydrostatic equilibrium equation to describe the system with additional possible complications that

we will come back later

∇Pb = −ρb∇φ . (18)

Here, the Pb is the pressure; the baryon energy density ρb ≈ mp nb for non-relativistic hydrogen gas;

the gravitational potential φ should contain both axion-star and baryon contributions, which we will

first ignore baryon self-gravitational effects and come back to this assumption later. For a spherically

symmetric system, the hydrostatic equilibrium equation in terms of radial coordinate becomes

1

ρb

∂Pb

∂r
= −GN Menc.(r)

r2
, (19)

with Menc. as the mass enclosed by a radius r. For the axion star following a uniform density insides

its radius and neglecting the baryon mass contribution, we have Menc. = Ma⊙ for r > Ra⊙ and

Ma⊙ r3/R3
a⊙ for r ≤ Ra⊙.

To solve Eq. (19), we also need to know the relation between Pb and ρb. In the early time, the

interactions of free electrons to the CMB photon via Compton scattering keep a uniform temperature

and follow the CMB photon temperature. In a later time after zt ≈ 136 [30] (the CMB photon

temperature T γ
t ≈ 0.032 eV), the gas temperature declines adiabatically as [(1 + z)/(1 + zt)]2 and is

colder than CMB photons until photoionization heating when the first stars and galaxies turn on. We

will present the hydrostatic equilibrium solutions for both cases.
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Isothermal Collapse
Before around one tens of the recombination temperature, 
the Compton interactions with CMB photon can keep a 
uniform temperature for the gas cloud Pb

⇢b
=

T

mp

Depending on the relation of T and the virialized 
temperature:

4.1 Isothermal Collapse

For the isothermal collapse case, the gas cloud interactions with the CMB photon are sufficient to keep

a uniform temperature. Using the equation of motion for an ideal gas, Pb/ρb = T/mp and ρb ≈ mp nb,

we have

∂ log nb

∂r
= −GN mpMenc.(r)

T r2
. (20)

Solving this equation, we have the r-dependent number density distributions as

nb(r) = N (T )

⎧
⎪⎨

⎪⎩

e
GN mp Ma⊙

T r , Ra⊙ < r < Rmax(T ) ,

e

GN mp Ma⊙ (3R2
a⊙−r2)

2T R3
a⊙ , r ≤ Ra⊙ .

(21)

Here, N (T ) is the normalization constant determined by the fixed total number of baryons in the

system. The long distance cutoff, Rmax(T ), is introduced as the separation distance from one axion

star to another. During the matter-dominate Universe, the averaged separation distance is roughly

Rmax(T ) ≈
[

Ma⊙
ρCDM(T )

]1/3
=

[
Ma⊙

ρCDM(T0)

]1/3 T0

T
≈ 3× 1015m ×

[
Ma⊙

10−11M⊙

]1/3 T0

T
. (22)

This density profile has a phase transition at the virialized temeprature

Tvir =
GN mpMa⊙

Ra⊙
≈ 13 eV × Ma⊙

10−11M⊙

1 m

Ra⊙
. (23)

For a larger temperature, the density profile is nearly flat out to Rmax(T ) and the gravitational

potential is negligible. For a smaller temperature, the baryonic matter is strongly concentrated in a

small radius

RB ≈
√

T

Tvir
Ra⊙ . (24)

4.2 Adiabatic Collapse

5 Planet Formation and Axion Stars

In this section, we will assume that there is some population of axion stars in a solar system and try

to estimate their destination at the current Universe.

11

0.01 0.10 1 10 100

108

1012

1016

1020

1024

� (�)

� �
(�)

(�
-
� )

Ma⊙=10-11M⊙

Ra⊙=1 m

T=100 eV

T=10 eV

T=1 eV

T=0.5 eV

Figure 5: The baryonic number density as a function of radius from the axion star center.

10-5 10-4 0.001 0.010 0.100 1 10

10-4

0.01

1

100

ω (��)

〈σ
��
�
��

�〉
(�
�
)

10-6 0.001 1 1000
10-43

10-33

10-23

10-13

�� (��)

〈σ
��
�
��

�〉
��
-
� �

rstring
=0

rstring
=100

★

♣

Figure 6: Left panel: . Right panel:.

5.1 Detecting Axion Stars inside Planets

5.2 Axion Star Heats up Planets
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Isothermal Collapse
Before around one tens of the recombination temperature, 
the Compton interactions with CMB photon can keep a 
uniform temperature for the gas cloud Pb

⇢b
=

T

mp

Depending on the relation of T and the virialized 
temperature:

4.1 Isothermal Collapse

For the isothermal collapse case, the gas cloud interactions with the CMB photon are sufficient to keep

a uniform temperature. Using the equation of motion for an ideal gas, Pb/ρb = T/mp and ρb ≈ mp nb,

we have

∂ log nb

∂r
= −GN mpMenc.(r)

T r2
. (20)

Solving this equation, we have the r-dependent number density distributions as

nb(r) = N (T )

⎧
⎪⎨

⎪⎩

e
GN mp Ma⊙

T r , Ra⊙ < r < Rmax(T ) ,

e

GN mp Ma⊙ (3R2
a⊙−r2)

2T R3
a⊙ , r ≤ Ra⊙ .

(21)

Here, N (T ) is the normalization constant determined by the fixed total number of baryons in the

system. The long distance cutoff, Rmax(T ), is introduced as the separation distance from one axion

star to another. During the matter-dominate Universe, the averaged separation distance is roughly

Rmax(T ) ≈
[

Ma⊙
ρCDM(T )

]1/3
=

[
Ma⊙

ρCDM(T0)

]1/3 T0

T
≈ 3× 1015m ×

[
Ma⊙

10−11M⊙

]1/3 T0

T
. (22)

This density profile has a phase transition at the virialized temeprature

Tvir =
GN mpMa⊙

Ra⊙
≈ 13 eV × Ma⊙

10−11M⊙

1 m

Ra⊙
. (23)

For a larger temperature, the density profile is nearly flat out to Rmax(T ) and the gravitational

potential is negligible. For a smaller temperature, the baryonic matter is strongly concentrated in a

small radius

RB ≈
√

T

Tvir
Ra⊙ . (24)

4.2 Adiabatic Collapse

5 Planet Formation and Axion Stars

In this section, we will assume that there is some population of axion stars in a solar system and try

to estimate their destination at the current Universe.
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Hydrogen EOM
Hydrogen has many phases in high pressure and 
temperature environment

IM transition as a change that occurs as one goes from
molecules to atoms or simply as one that occurs directly in
the molecular phase. Either is plausible, and according to
Wigner’s scaling argument (Wigner and Huntington, 1935)
inevitable, but the question is which one is correct?

Figure 2 shows on an expanded scale the estimated physi-
cal regimes of hydrogen under discussion, as currently under-
stood. It is seen that hydrogen transforms from a molecular
crystal at low density to an atomic crystal at high density.
Further, upon increasing temperature, it first melts, and then
transforms into a plasma state.

While metallic hydrogen has not yet been observed in the
low-temperature solid, metallization has been achieved in the
fluid state in the range of 100–200 GPa and 2000–3000 K.
But important questions regarding the characterization of this
transition remain. For example, is it a first-order transition or
a simple crossover? Landau and Zeldovich (1943) speculated
that the IM transition at increasing density in liquid mercury
would be a genuine phase transition. Since then, there has
been recurring controversy concerning whether this transition
in hydrogen, the so-called ‘‘plasma phase transition’’ (PPT), a
second liquid-liquid transition (LLT) on the phase diagram,
exists, and what its relation is to the molecular dissociation
process. See Redmer and Holst (2010) for a recent overview.
If the PPT exists at high enough temperatures, then there
could be a surface inside the giant planets separating a
conducting core from an insulating mantle. What is clear is
that at least two different physical phenomena come together

in the middle of the phase diagram caused by a combination
of temperature and pressure, the IM and/or molecular-to-
atomic transitions.

Perhaps even more interesting is that the zero-point motion
(ZPM) of the protons in hydrogen can play an important role.
At high pressures and as the temperature is lowered, the
liquid will freeze. It has been suggested (Mon, Chester, and
Ashcroft, 1980) that because of electronic screening, the
effective proton-proton interaction is greatly reduced, and
the liquid may remain stable. In fact, a large depression of
the melting temperature is seen in other alkali metals, such as
sodium and lithium. Further, if hydrogen is a liquid at suffi-
ciently low temperatures, the effects of quantum statistics of
the light protons could be important and lead to ordered
quantum phases, such as those that occur in liquid 3He and
4He. Another possibility is that since electron-phonon cou-
pling should be very large due to the bare Coulomb interac-
tion as should ZPM, atomic hydrogen may be a room
temperature superconductor (Ashcroft, 1968).

Another motivation for studying hydrogen, which is a
major focus of this work, is to develop and test computer
simulation methods. While hydrogen and helium are some-
what simpler than other elements, they pose unique difficul-
ties. On the one hand, since they have no core electrons, their
atomic structures are simple and the errors from the pseudo-
potential approximation, often employed to increase compu-
tational efficiency, are rather small or absent. Furthermore,
relativistic effects are small, and hence spin orbit coupling
can be ignored. On the other hand, because the protons,
deuterons, and alpha particles that constitute the nuclei are
so light, they too behave as quantum particles. This effect has
such a strong influence that even the most basic properties
of hydrogen are affected, such as relative stabilities of
atomic structures (Natoli, Martin, and Ceperley, 1993).
Unfortunately, simple approximations to account for ZPM
do not always work. Thus, both electrons and ions should be
treated using rigorous quantum mechanics in order to make
definitive predictions. The availability of experimental data
and the intense physical interest have made the study of high-
pressure hydrogen and helium into test beds for theory and
simulations. Considering that if the modern computational
techniques, such as those based on density functional theory
(DFT) and quantumMonte Carlo (QMC) calculations, are not
accurate for hydrogen and helium, then there may be serious
problems in trusting them for heavier elements.

There are even further motivations for studying dense
hydrogen, such as technological applications, including iner-
tial confinement fusion (ICF), where hydrogen gas is com-
pressed with a laser-driven shock into the region where
deuterium-tritium (D-T) fusion could occur. Such physical
conditions are close to those of HD 209458b in Fig. 1. Such
aspects will not be directly addressed in this review; the
reader is instead referred to Lindl et al. (2004), for example.

This review concerns the thermodynamic properties of
hydrogen and helium at pressures above 10 GPa and tem-
peratures less than 100 000 K, focusing on advanced simula-
tion methods and the comparison of their results with
experiment. We start by describing the theoretical and nu-
merical tools that are currently being used in Sec. II. We then
provide a brief discussion of experimental techniques in
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FIG. 2. Hydrogen phase diagram. Solid lines show the boundaries
between the gas, liquid, and solid phases. The solid circles show the
(approximate) location of critical or triple points. The dashed lines
on the left estimate where fluid hydrogen changes from H2 to H to a
classical two-component plasma (TCP). The dotted lines at extreme
temperatures estimate where the electrons become degenerate (i.e.,
the temperatures TF corresponding to the noninteracting Fermi
energy EF and 0:1EF). The precise pressure mechanism by which
hydrogen changes from solid H2 to solid H is not well established,
so it is shown as a shaded box. The line going vertically away from
this shows the separation between the mostly insulating molecular
fluid and the mostly conducting atomic fluid; the first-order
LLT ends at a critical point, and what is shown at higher tempera-
tures is a crossover. The almost vertical transition line at the extreme
right indicates the quantum melting of the protons due to lattice
compression.
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electron-ion Monte Carlo method (CEIMC) (35) also suggested
the occurrence of a continuous molecular dissociation. These
studies have led to the general belief that the results reported
in the earlier simulations were influenced by the use of the
Car–Parrinello method and that the transition region as de-
scribed by DFT is indeed smooth (36).

In this work we consider again the onset of molecular dissocia-
tion in liquid hydrogen at high pressure. We employ first principle
simulations based on DFT within BOMD and QMC within the
CEIMC approach (37, 38) with improved trial wave function
(39, 40). To pinpoint a possible transition we trace isotherms
using a much finer grid in density than in previous studies. In
addition, we calculate the melting line of the molecular solid
using free energy calculations in both liquid and solid phases with
DFT. Fig. 1 shows the resulting phase diagram. A sharp, first-
order phase transition, is observed at both levels of theory. At
high temperatures, the transition ends at a critical point around
T ≈ 2;000 K above which metallization is a continuous process
with pressure. The values of the transition pressure depend on
the simulation method, with the more accurate predictions
coming from QMC simulations. At low temperature the DFT
transition line meets the melting curve in a liquid-liquid-solid
multiphase coexistence point at approximately 700 K whereas
the extrapolation of the QMC transition line and the melting line
at higher pressures should meet at 290 GPa and 550 K. The
results presented here resolve the discrepancies among previous
DFT calculations of hydrogen, reconcile the theoretical under-
standing of the metallization in hydrogen and the results of
the dynamical compression in the liquid phase (13, 15) and
the static compression* in the solid phase.

Results and Discussion
Liquid-Liquid Phase Transition. Fig. 2 shows a comparison of the
1,000 K isotherm in hydrogen as a function of density for the dif-
ferent simulation methods used here. A plateau in the pressure
over a narrow range of densities (on the order of 0.02 g∕cm3,
which corresponds to a volume change of approximately 2%)
is clearly seen in both CEIMC and BOMD simulation results, in-
dicating the existence of a first-order transition. In this region
ðdP∕dV ÞT ¼ 0, which implies a diverging isothermal compressi-
bility, κT ¼ −V−1ðdV∕dPÞT . We observe similar behavior at T ¼
1;500 K for CEIMC and at T ¼ 1;500 K, 800 K, and 600 K for
BOMD. The transition occurs systematically at higher pressures
in CEIMC as compared to BOMD. This is reasonable given that
most DFTexchange-correlation functionals have band closure at
densities that are too low and tend to favor delocalized electronic
states over localized ones, presumably due to self-interaction er-
rors (42). The estimated latent heat (enthalpy change per atom)
associated with the transition at T ¼ 1;000 K is 440 (90) K and
570 (160) K for the DFTand QMC transition lines respectively.
The corresponding values obtained from the Clausius–Clapeyron
equation ΔH ¼ TΔV ðdPLLT∕dTÞ are 380 (90) K and 410 (90) K.
In this case, the derivatives of the transition pressure with tem-
perature are estimated numerically. There is good agreement
between the two independent estimations, which suggest that
our results are thermodynamically consistent. The overall loca-
tion of the transition region found here is in agreement with a
recent BOMD study reported in ref. 27. However, in this case
a ðdP∕dV ÞT ¼ 0 region was not found, most likely due to inade-
quate sampling across the transition region.

It is interesting to note that as the transition region is
approached, the simulations exhibit quite strong size effects.
To obtain converged results in the BOMD simulations (sampled
at the Γ-point), we had to use a system with 432 atoms. Our liquid
simulations with 432 atoms produced radial distribution functions
that were in excellent agreement with larger system sizes, but
showed significant differences with 128 and 256 atom simula-
tions. A similar observation of strong size effects was made in
ref. 27, which indicated that the orientational order of the liquid
is particularly sensitive as well. For a much smaller system size of
64 atoms, we observed first-order behavior during the metalliza-
tion transition only when a 3 × 3 × 3 grid of k-points was used;
simulations at the Γ-point showed no evidence of significant
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*In the solid phase the highest pressure reported so far in the diamond anvil cell experi-
ments is of 320 GPa ; the sample still remains in the insulating state (41). This pressure
value is compatible with our estimate of the pressure of metallization extrapolated from
QMC data at melting.
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a relatively cold axion star, it is possible that some of the “cloud” will actually be solid hydrogen.

Nevertheless, the core will generally be quite hot and the solid layer very thin. We neglect any solid

phases in our calculations below. The gas states are well described by the ideal gas equation of state

P =
⇢ kBT

Mgas

, (31)

where Mgas is the mass of the gas particles, either mp for atomic gas or 2mp for molecular gas. Here,

mp is the proton mass. For the gas far away from the axion star, it has an ideal gas equation of

state with the temperature given by Tm. At early times, the interactions of free electrons with CMB

photons via Compton scattering maintains a uniform gas temperature that follows the CMB photon

temperature. At later times, after redshift zt ⇡ 137 [76], corresponding to a CMB photon temperature

T
�

t
⇡ 0.032 eV, the gas temperature declines adiabatically as Tm = [(1+ z)/(1+ zt)]2 T

�

t
and is colder

than CMB photons until photoionization heating when the first stars start to burn.

For the liquid states surrounding the axion star, we assume a common-power law equation of state

P =
⇢ kBT

2mp

✓
⇢

⇢0

◆
�⇢

✓
T

T0

◆
�T

. (32)

We fit the parameters to a combination of calculations and data [77,78], finding

⇢0 = 51.33 kg/m3
, T0 = 1000 K, �⇢ = 1.36, �T = �0.89 . (33)

We approximate the gas to liquid phase transition as a first order transition at (⇢/⇢0)�⇢(T/T0)
�T = 1.

This transition essentially defines the boundary of the baryon component of the axion star, as the

density of the baryons grows very rapidly near the boundary, generally surpassing the required density

to reach a liquid metallic state. We therefore define Rbound to be the radius for which


⇢(Rbound)

⇢0

�
�⇢

✓
Tsurf

T0

◆
�T

= 1 , (34)

where Tsurf is the surface temperature of the axion star, which we revisit below.

The metallic liquid phase has a large DC conductivity of order �0 ⇠ 2500 S/cm [79] (in natural

units, S/cm = 0.0075 eV). The conductivity can be related to the absorption cross-section for axions.

The details of this calculation are presented in the Appendix A and have been studied by Refs. [80–

82]. If the axions are su�ciently light, then frequency dependent e↵ects in the conductivity can

be neglected. The relaxation rate in metallic hydrogen is quite large, such that the onset of mass

dependence should be well above our benchmark masses [83]. We make this approximation below.

For the two axion benchmarks, this leads to power generated in the core of order (see Appendix A for
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Figure 5: Density profile of the fluid cloud around an axion star at several possible final redshifts. At
zs ⇡ 137, the gas around the HAS thermally decouples from the photon background. At zs ⇡ 10,
galactic and stellar structure forms, which may disrupt the accretion process. The axion star mass is
Ma� = 3.6 ⇥ 1019 kg = 1.8 ⇥ 10�11

M� and it has a radius of around 5 m. The baryonic cloud is a
subdominant contribution to the total mass of the HAS, increasing from 3.9⇥ 104 kg for zs = 1100 to
1.2⇥ 1013 kg for zs = 10.

ma 5 meV 0.05 meV

zs Rbound (m) Tsurf (K) Rbound (m) Tsurf (K)

1100 2.3 4.7⇥ 104 2.6 450

137 23 1.5⇥ 104 24 150

10 3700 1200 3800 12

Table 2: Properties of the baryonic cloud boundary surrounding an axion star at di↵erent stopping
redshifts in the evolution of the universe.

e↵ects like collapse into galaxies and reionization could have a significant e↵ect on the clouds sur-

rounding axion stars. We therefore do not attempt to evolve the HAS beyond this point and ascribe a

substantial uncertainty to the final surface temperature of the cloud. It is also worth noting that if the

HAS were to collide with a molecular cloud, it could be significantly disturbed in a way reminiscent

of the collision of bullet clusters. The HAS cloud would likely get absorbed into the molecular cloud,

while the axion core would move through unperturbed. To see this, we perform a rough estimate of

the scales involved here. For a HAS near the Earth, the velocity relative to any nearby objects is

of order 100 km/s, so that the kinetic energy transfer in a collision with a gas molecule is of order

18

Here,      is the redshift to stop evolving the hydrogen cloud 
around the axion stars
For       below 10, the reionization and star formation 
happen and the boundary properties vary a lot

ma = 5 meV
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Metallic Hydrogen Conductivity

To ensure our measurements probed pristine hydrogen,
several precautions were taken. Pressure was measured
before and after the heat cycles using Raman spectra of the
hydrogen vibron [39] and diamond edge [40] and ruby
fluorescence [41]. The vibron signal from the heated area
was confirmed before and after heating [34]. Continued
heating resulted in decreasing vibron signal, pressure
changes (usually but not always negative), decreasing
foil hole diameters [34], and occasional anvil fracturing,
evincing rapid hydrogen diffusion and loss. Complete loss
occurred within ∼1 ms of total heating time. Weak Raman
lines attributed to Ir hydride [42] appeared in one sample
subjected to prolonged heating at high temperature [34],
but not in reported experiments.
Upon increasing laser power, time histories of thermal

emission during heat cycles exhibited a drastic shift in
behavior, similar to that seen in noble gases as a conse-
quence of high-temperature absorption onset [38]. For low
peak laser power, the temperature followed the laser power
history [Fig. 2(a)], having a distinct initial peak. With
increasing power, there was a transition to a different
thermal response, where temperature did not follow laser

power, but instead rose and remained roughly constant,
forming a plateau that persisted for an especially long
duration (Fig. 3). To examine this transition we performed
finite element (FE) models [34,38,43] to investigate how
properties of hydrogen samples, such as a temperature-
dependent absorption, control temperature history. The
lower-temperature behavior is expected for a transparent
sample, i.e., where the laser is absorbed entirely in the foil
surface. The higher-temperature behavior could not be
explained if the sample remained transparent; instead, an
abrupt increase in sample absorption with temperature (to
α ≈ 0.1–1 μm−1) is needed to reproduce the long temper-
ature plateau, which occurs near the temperature of
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Power from Hydrogen Axion Stars (HAS)
The absorbed axion by the material in cloud (metallic 
hydrogen fluid) can provide additional power, which is 
insensitive to the stop-evolving redshiftthe relation of conductivity �0 and the axion absorption rate �a

abs.
)

Pa� = Ma�c
2 �a

abs.
= Ma�c

2
3m

2
a

4⇡ ↵ f2
a

�0

✏0
⇡

⇢
2⇥ 1013 W for ma = 5 meV ,

2⇥ 105 W for ma = 0.05 meV .

(35)

The generated power is emitted as blackbody radiation near the surface of the HAS. Heat trans-

portation within the HAS is rather complex and depends on the exact phase of the matter inside the

HAS as well as the heat transportation properties. It is, however, likely that radiative or convective

transportation will dominate. We do not need to solve this exactly, but rather can approximate the

HAS as a black body, solving simply for the boundary condition that requires that the total generated

power is equal to the total power emitted at the surface

Pa� = 4⇡ R
2

bound
✏ �SB T

4

surf
, (36)

where Tsurf is the surface temperature of the HAS; �SB is the Stefan-Boltzmann constant; the emissivity

✏ is chosen to be ✏ = 1. In order to do so, we must assume that the equations of state inside the

HAS remain unchanged. If the temperature inside the HAS were to get so high that the fluid inside

undergoes an additional phase transition, say to a plasma, then the total power generated could be

modified.

We leave the detailed properties of the interior of the HAS, such as the exact temperature profile

and the opacity, undetermined, assuming only that we know the density profile and conductivity.

The conductivity is assumed to be that of fluid metallic hydrogen as determined by Ref. [79]. We

also assume the fluid hydrogen equation of state Eq. (32) holds throughout the interior of the HAS.

Aside from ensuring that our approximations regarding the density and conductivity are justified, the

structure of the interior of the HAS has little bearing on the main observables we consider.

Given our condition for the boundary of the HAS Eq. (34) and Eq. (36), we solve for both the

boundary radius Rbound and the surface temperature Tsurf , as well as the density profile of the fluid

in the HAS. From our analysis above, it is not clear when to stop evolving the HAS in the expanding

universe. As such, we define a redshift zs at which the evolution stops and present several di↵erent

possibilities in our solutions, corresponding to the times of recombination at z = 1100, matter-photon

kinetic decoupling at z ⇡ 137, and reionization and star formation at z ⇠ 10. Our solution for the

profile of hydrogen cloud is shown for di↵erent values of zs in Fig. 5 for an axion mass of mac
2 =

5 ⇥ 10�3 eV. A summary of the most important properties of the cloud is shown Table 2 for two

di↵erent benchmark QCD axion masses.

At times later than roughly redshift z = 10, the surroundings of di↵erent HAS become vastly

di↵erent. The properties of the HAS may then depend on where the axion is located. In particular,
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The HAS generates photons via 
the blackbody radiation

the relation of conductivity �0 and the axion absorption rate �a
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HAS remain unchanged. If the temperature inside the HAS were to get so high that the fluid inside

undergoes an additional phase transition, say to a plasma, then the total power generated could be

modified.

We leave the detailed properties of the interior of the HAS, such as the exact temperature profile

and the opacity, undetermined, assuming only that we know the density profile and conductivity.

The conductivity is assumed to be that of fluid metallic hydrogen as determined by Ref. [79]. We

also assume the fluid hydrogen equation of state Eq. (32) holds throughout the interior of the HAS.

Aside from ensuring that our approximations regarding the density and conductivity are justified, the

structure of the interior of the HAS has little bearing on the main observables we consider.

Given our condition for the boundary of the HAS Eq. (34) and Eq. (36), we solve for both the

boundary radius Rbound and the surface temperature Tsurf , as well as the density profile of the fluid

in the HAS. From our analysis above, it is not clear when to stop evolving the HAS in the expanding

universe. As such, we define a redshift zs at which the evolution stops and present several di↵erent

possibilities in our solutions, corresponding to the times of recombination at z = 1100, matter-photon

kinetic decoupling at z ⇡ 137, and reionization and star formation at z ⇠ 10. Our solution for the

profile of hydrogen cloud is shown for di↵erent values of zs in Fig. 5 for an axion mass of mac
2 =

5 ⇥ 10�3 eV. A summary of the most important properties of the cloud is shown Table 2 for two

di↵erent benchmark QCD axion masses.

At times later than roughly redshift z = 10, the surroundings of di↵erent HAS become vastly

di↵erent. The properties of the HAS may then depend on where the axion is located. In particular,
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Figure 5: Density profile of the fluid cloud around an axion star at several possible final redshifts. At
zs ⇡ 137, the gas around the HAS thermally decouples from the photon background. At zs ⇡ 10,
galactic and stellar structure forms, which may disrupt the accretion process. The axion star mass is
Ma� = 3.6 ⇥ 1019 kg = 1.8 ⇥ 10�11

M� and it has a radius of around 5 m. The baryonic cloud is a
subdominant contribution to the total mass of the HAS, increasing from 3.9⇥ 104 kg for zs = 1100 to
1.2 ⇥ 1013 kg for zs = 10.

ma 5 meV 0.05 meV

zs Rbound (m) Tsurf (K) Rbound (m) Tsurf (K)

1100 2.3 4.7 ⇥ 104 2.6 450

137 23 1.5 ⇥ 104 24 150

10 3700 1200 3800 12

Table 2: Properties of the baryonic cloud boundary surrounding an axion star at di↵erent stopping
redshifts in the evolution of the universe.

e↵ects like collapse into galaxies and reionization could have a significant e↵ect on the clouds sur-

rounding axion stars. We therefore do not attempt to evolve the HAS beyond this point and ascribe a

substantial uncertainty to the final surface temperature of the cloud. It is also worth noting that if the

HAS were to collide with a molecular cloud, it could be significantly disturbed in a way reminiscent

of the collision of bullet clusters. The HAS cloud would likely get absorbed into the molecular cloud,

while the axion core would move through unperturbed. To see this, we perform a rough estimate of

the scales involved here. For a HAS near the Earth, the velocity relative to any nearby objects is

of order 100 km/s, so that the kinetic energy transfer in a collision with a gas molecule is of order
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A hot HAS is anticipated 
for a heavier axion mass

It behaves as a hot and medium-size asteroid 
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Observing HAS Point Source
Its blackbody spectrum is

�E ⇠ mHv
2
⇠ 2⇥ 10�17 J. Meanwhile, the binding energy for a gas molecule to the axion star is of

order Eb . GNMa�mH/Ra�, that is Eb . 8⇥10�19 J, which is much less. It remains to determine the

probability that a collision between a HAS and an unrelated gas cloud leads to most of the hydrogen

in the HAS interacting. The number of interactions for a single hydrogen atom of HAS to interact

with the gas cloud is of order ⇡ a
2

0
RGCnGC , where a0 is the hydrogen Bohr radius, RGC is the radius

of the gas cloud, nGC is the density of the gas cloud. To get an idea of the probability of destruction

in a given event, we consider two benchmark cases. First, consider a collision with a giant molecular

cloud, which has a density of 104–106 cm�3 and a radius of 2–100 parsecs [84]. The resulting number

of interactions per hydrogen atom is then at least roughly 5⇥106, so that all the hydrogen in the HAS

is likely to interact and disrupt the hydrogen cloud of the axion star. For a smaller system, like a solar

system which has a di↵use density of order 5 cm�3 and a radius of order 100 AU [85], the expected

number of interactions is order 1, meaning that an appreciable fraction of the baryonic cloud may

survive such an interaction. Therefore, a fly-by HAS is still possible to behave as a point-like source.

5 HAS Detection

Radiation from the hot hydrogen fluid surrounding axion stars could be seen by a suitably high

resolution telescope. Provided that the HAS fluid reaches a su�cient density to become metallic

and that the metallic fluid reaches the edge of the axion core, the power generated by the HAS is

independent of the radius of the baryonic cloud. In particular this means that the total power emitted

is insensitive to the ultimate surface temperature of the HAS. On the other hand, the hotter the

HAS, the lower wavelength (higher frequency) the emitted radiation will be. Depending on the final

temperature of the HAS, the ideal wavelength for a sensitive telescope is in the UV through IR range.

Given an HAS at a distance D from the detector, surface temperature T , and baryonic cloud radius

Rbound, the rate of photons passing through a detector is given by

�� =
d�

d�
⌘

dN�

dt dA d�
=

✓
Rbound

D

◆
2 2⇡c

�4

1

eh c/� kB Tsurf � 1
, (37)

There are several di↵erent strategies one could use to search for HAS photon emissions. One could

look for a nearby HAS, which should appear as a fairly bright point source in the sky. The apparent

magnitude (defined with respect to the brightness of Vega) of such a source would be

m = 18.9� 2.5 log10

"✓
P

2⇥ 1013 W

◆✓
300AU

D

◆
2
#

= 33.0� 2.5 log10

"✓
P

2⇥ 1013 W

◆✓
1 pc

D

◆
2
#

. (38)
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Given the local density of dark matter, we expect there to be axion stars and HAS within roughly

300 AU of the Earth, which is near enough to give a detectable flux. If the telescope points away

from the galactic plane, the estimated di↵use background can be relatively small [86]. The flux for a

nearby HAS is shown in Fig. 6. Depending on the telescope angular resolution and observation time,

the HAS located at a distance of the solar-system size can be observed.
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Figure 6: Flux of photons from a nearby HAS for several di↵erent evolving-stop redshifts, as well as the
di↵use background flux for di↵erent assumptions about telescope angular resolution [86]. We present
the signal flux for two di↵erent choices of axion mass, ma = 5 meV (left panel) and ma = 0.5 meV
(right panel). The total flux scales as m

4
a for a fixed zs, while the temperature for a lower axion mass

is reduced due to decreased power generation. As a result, the peak wavelength is larger for a lower
mass.

One could also look at an area of the sky rich in dark matter and low in background. The best

such option given the frequencies emitted by the HAS is a baryon-poor dwarf spheroidal galaxy. The

dwarf spheroidal with the smallest luminosity to mass ratio is the Ursa Major II dwarf, which has a

luminosity of ⇠ 4000L�, a distance of 30 kpc and a mass of around 5 ⇥ 106M� [87, 88]. Given that

mass, there are a total of roughly 2.8⇥ 1017 axion stars in the galaxy, leading to a total luminosity of

L
UMaII

a� ⇠ 1.4⇥ 104 L� ⇥

✓
1.8⇥ 10�11

M�
Ma�

◆✓
Pa�

2⇥ 1013 W

◆
. (39)

For our benchmark model, this luminosity is comparable to that of the dwarf galaxy, so a study of

the spectrum of dwarf spheroidal could be sensitive to HAS.

Finally, one could simply look for di↵use light coming from HAS. The constraints from searches

for di↵use photons should be fairly weak. To see that this is the case, we perform a simplified

conversion of HAS radiation to e↵ective dark matter decay into a pair of photons. While a dark matter

particle decaying to a pair of photons would yield monochromatic photons of energy mDM/2, our

axion decays to photons with energy peaked at a temperature T ⇠ 1000 K– 50, 000 K corresponding

20

It can be observed by a good-resolution telescope

For instance, GAIA has an angular resolution of 0.1”
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Microlensing

Credit: NASA/ESA



3636

Microlensing
ref. target diff. diff.-PSF

Figure 4 The single remaining candidate that passed all the criteria we impose to select microlensing events.
The images in the upper panels show the postage-stamped images around the candidate: the reference
image, the target image, the difference image and the residual image after subtracting the best-fit PSF image,
respectively. The lower panel shows that the best-fit microlensing model (blue curve) gives an acceptable fit
to the measured light curve. The error bars denote photometric errors in the brightness measurement in the
different image at each epoch.

difference images by estimating the PSF photometry at 1,000 random points in each HSC patch region (see
Fig. 1). We keep only those candidates which yield a best fit reduced �-squared value, �2

best�fit
/185 < 3.5

(the degrees of freedom are 185 = 188 � 3). This criterion is sufficiently conservative (the P-value is
⇠ 10�5) for us not to miss a real microlensing candidate, if it exists. We further impose the condition
that the light curve has a symmetric shape around the peak. These selections leave us with a total of 66
candidates.

Finally we perform a visual inspection of each of the remaining candidates. We found various impostors
that are not removed by the above automated criteria. Most of them are a result of imperfect image subtrac-
tion; in most cases the difference image has significant residuals near the edges of CCD chip or around a
bright star. In particular, bright stars cause a spiky residual in the difference image, which result in impostors
with a microlensing-like light curve if the PSF flux is measured at a fixed position. We found 44 such impos-
tors which were a result of such spike-like images around bright stars. Of the remaining, 20 impostors were
located at the edges of the CCDs. We also identified 1 impostor event caused by a moving object, an asteroid.
If the light curve is measured at a fixed position where the asteroid passes, it results in a light curve which
mimics microlensing. In summary, the visual inspection left us with a single candidate which passed all
our cuts and visual checks. The candidate position is (RA, dec) = (00h 45m 33.413s,+41d 07m 53.03s).
Fig. 4 shows the images and the light curve for the remaining candidate. Although the light curve looks

6

Subaru/HSC: 
1701.02151
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Constraints on PBH

1015 1020 1025 1030 1035

MPBH [g]

10�5

10�4

10�3

10�2

10�1

f=
�
P
B
H
/�

D
M

B
H

E
va
p
or
at
io
n

Femto
Kepler

CMBEROS/MACHO

HSC M31 constraint (95% limit)

10�15 10�10 10�5 100
MPBH [M�]

Figure 5 The red shaded region corresponds to the 95% C.L. upper bound on the PBH mass fraction to DM
in the halo regions of MW and M31, derived from our search for microlensing of M31 stars based on the
“single-night” HSC/Subaru data and fills a large gap in the existing constraints by closing the PBH DM
window around lunar mass scale. To derive this constraint, we took into account the effect of finite source
size, assuming that all source stars in M31 have a solar radius, as well as the effect of wave optics in the
HSC r-band filter on the microlensing event (see text for details). The effects weaken the upper bounds
at M <⇠ 10�7M�, and give no constraint on PBH at M <⇠ 10�11M�. Our constraint can be compared
with other observational constraints as shown by the gray shaded regions: extragalactic �-rays from PBH
evaporation [32], femtolensing of �-ray burst (“Femto”) [33], microlensing search of stars from the satellite
2-years Kepler data (“Kepler”) [18], MACHO/EROS/OGLE microlensing of stars (“EROS/MACHO”) [15],
and the accretion effects on the CMB observables (“CMB”) [34], updated from the earlier estimate [35].
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Wave Effects for Small Masses
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Figure 25 The solid curve shows the 95% C.L. upper bound when ignoring the wave optics effect or equiv-
alently taking into account only the effect of finite source size on the event rate of microlensing, assuming a
solar radius for stars in M31. For comparison, the dotted curve shows the result for a point source, i.e. when
ignoring both effects of the finite source size and the wave optics, while the dashed curve shows the results
including both the effects, which is our default result shown in Fig. 5.
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The wave effects become important when 

GNMBHEγ < 1 MBH ≲ (6.6 × 1022 g) × (1 eV/Eγ)

Subaru/HSC early version missed this point

see: Smyth, Profumo, et. al., 
1910.01285 for additional finite 
source size issue
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Microlensing of X-ray Pulsars
Choosing the sources with more energetic photons could 
extend the reach

YB, Nicholas Orlofsky, 1812.01427
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Figure 1: The averaged magnification factor µ for a range of photon energies as a function of y
defined as the ratio of the tangential source-lens separation in the lens plane over the Einstein
radius. The source is assumed to be point-like for this plot. The black and dashed line is in the
infinite mass limit.

For a specific source, one could calculate the averaged magnification factor after integrating
out a range of energy. For a source energy spectrum of F (E�), we define

µ(y) ⌘

R Emax

Emin
dE� F (E�)µ [w(E�), y]
R Emax

Emin
dE� F (E�)

. (8)

When analyzing the data for a specific telescope, one should also include the energy-dependent ef-
fective acceptance area of the telescopeA(E�) by making the replacement F (E�) ! F (E�)A(E�).
The hard energy spectrum for an X-ray pulsar usually follows a power-law with an exponential
cuto↵. For SMC X-1, we take F (E�) = E�0.93

� for E�  6 keV and E�0.93
� e�(E��6 keV)/7.9 keV

for E� > 6 keV [38]. The averaged energy for the range from 2 to 60 keV is hE�i = 6.8 keV.
Integrating out this energy range, we show the magnification factors for di↵erent PBH masses
in Fig. 1. It is clear from this figure that the magnification factor decreases as mass decreases
and the wave e↵ect becomes more important. However, this decrease is not monotonic. For
instance, the corresponding value of y for µ = 1.8 is the larger for M = 1019 g than for 1020 g.
For M = 1018 g, the maximum magnification factor is slightly below 1.2. So, there may exist a
threshold PBH mass under which lensing is undetectable. To get around this, one may consider
increasing Emin to reduce the wave e↵ect at the cost of reducing the total photon counts and
increasing statistical errors. We will come back to this point when we analyze the real data.

Having discussed the wave e↵ects, we now include the finite source size e↵ect. Given our
limited understanding of the source spatial properties, we simply assume a two-dimensional
Gaussian distribution with the source size of RS in each direction. The source intensity is
W (~�) / exp (�|~�|2/2R2

S), where ~� is the two-dimensional vector with respect to the source

5



4040

SMC X-1
The SMC X-1 in the Small Magellanic Clouds is a good 
source because of its larger luminosity

YB, Nicholas Orlofsky, 1812.01427

The Rossi X-ray Timing Explorer Proportional Counter 
Array (RXTE PCA) has around 10 days observation time
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Figure 4: Example lightcurve for a 600-second portion of one observation period (observation ID
P10139 with all five PCUs added) binned in 0.1 s intervals after removing the intrinsic pulsation
frequency. Red crosses indicate where there are two consecutive events exceeding the mean
by at least 3�. There is no three consecutive events with 3� deviation, which is close to the
requirement for a lensing event.

additional variations likely come from the accretion mechanism or observational noise.
Using this information, we create selection criteria to search for rare lensing events while

keeping minimal statistical background. We may look for some number of consecutive points
Nconsec on the lightcurve for which the count rate is greater than some number of standard
deviations N� above the mean [48]. The number of standard deviations N� is chosen such
that the number of expected statistical background occurrences is much smaller than unity for
the entire observation period. In other words, the probability for a particular set of Nconsec

consecutive bins to be all above a given threshold N� ought to obey

p ⌧
tbin
tobs

= 1.16⇥ 10�7
⇥

✓
10 days

tobs

◆✓
tbin
0.1 s

◆
, (12)

where tobs is the total observation time. Note that p refers to a particular set of Nconsec bins, as
opposed to any set of Nconsec bins in the entire dataset. For example, assuming a Gaussian distri-
bution and all points uncorrelated, p = [1��(N�)]Nconsec where � is the cumulative probability
function for a Gaussian with mean zero and standard deviation one; then, the probability to
have three consecutive time bins with over 3� fluctuation is p = 2.5⇥10�9, while the probability
for having two consecutive time bins with 4� is p = 1.0 ⇥ 10�9. If the points have additional
correlations in time, one could either impose a more stringent statistical requirement or diagnose
the to-be-found “interesting” events closer by examining their light curves and energy spectra.
In practice, we require N� just large enough to saturate a factor of 1/20 times the number in
the right side of Eq. (12). The actual bounds are not sensitive to the choice of factor.

9
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Microlensing of X-ray Pulsars
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Figure 5: Constraints on the PBH dark matter fraction fPBH and mass M at 95% CL using
around 10 days observation of SMC X-1 by RXTE. Also shown are the projected limits from
future observations of SMC X-1 by AstroSat, Athena and Lynx, and eXTP. The SMC X-1
source size with the X-ray energy above 2 keV is fixed to be 20 km for all thicker curves (the
thinner green dot-dashed line for eXTP has a source size of 100 km for illustration purposes).
Finite source size e↵ects are unimportant due to the optimization of tbin (see text for details).
Also shown are extragalactic gamma ray bounds from BH evaporation [4] and Subaru/HSC
microlensing bounds [7] (truncated at fPBH = 1).

exposure for an X-ray telescope with a larger e↵ective area like eXTP in the green dot-dashed
line of Fig. 5. It is interesting to note that a year-long observation of the SMC X-1 will almost
cover the currently unconstrained mass gap for PBH’s as an explanation for 100% dark matter.
An even larger telescope like LOFT [55, 56] (a previous version of eXTP) could probe an even
larger range of masses.

All of these bounds exhibit a bump in sensitivity similar to RXTE’s a bit below 1020 g due
to wave e↵ects. The limits for large masses are set by the increasing passing time, which results
in a smaller rate that scales roughly as � / M�1/2 [see Eq. (5)]. This e↵ect is slightly o↵set by
increasing tbin, allowing a smaller µT as mass increases.

For all the bounds in Fig. 5, the finite source size e↵ect is not important, contributing less
than a few percent correction for RS = 20 km. The reason is that the value of tbin has been
chosen at each point to maximize the sensitivity. As a result of this, the smallest masses where
bounds are possible tend to prefer larger tbin and smaller µT . Smaller µT delays the wave e↵ect

12

YB, Nicholas Orlofsky, 
1812.01427

see also Katz et. al, for using GRB 
1807.11495
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Stability of Dense Axion Stars 
So far, we have shown several interesting signatures 
associated with a dense axion star

Braaten, Mohapatra, Zhang, 
1512.00108

Visinelli, Baum, Redondo, Freese, Wilczek, 1710.08910
Schiappacasse, Hertzberg, 1710.04729
Eby, Suranyi, Vaz, Wijewardhana, 1712.04941

However, the Thomas-Fermi approximate is not reliable, 
because axion becomes relativistic inside a dense axion 
star

In the non-relativistic limit,                                                   , 
the axion potential becomes

The gravitational collapse is halted in one of two possible ways. If the axion star is not too massive,

then quantum pressure is su�cient. A state where the gravitational force is balanced by quantum

pressure can be achieved for axion star mass Ma� . 10.15 fa/(maG
1/2

N
) [38, 73, 74]. Numerically, we

find Ma� . 4 ⇥ 10�13
M� for rstring = 0 and ma = 5 ⇥ 10�5 eV. The upper bound decreases for

rstring > 0, so it is clear that a quantum pressure supported axion star is not possible if all the axions

collapse into axion stars.

The states we consider thus fall into the “dense” regime studied in Ref. [38]. In this regime, the

gravitational interactions are balanced not by quantum pressure, but rather by the self-interaction

potential. The mass of the axion star, even in the dense regime, is dominated by the mass of the

axions in the star, such that Ma� ⇡ maNa. The radius and mass of the axion star are roughly related

by [38]

Ra� ⇡ 2.1⇥ 10�5
R�

✓
Ma�
M�

◆
0.305

⇡ 6m ⇥

✓
Ma�

10�11 M�

◆
0.305

, (22)

which is independent of ma for fixed ma fa. Following Ref. [38], we solve for the wavefunction numeri-

cally under the Thomas-Fermi approximation, which is a good approximation in the region of interest.

The total energy is given by

E =

Z
d
3
x
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2 + Ve↵(| |

2)

�
, (23)

where � is the gravitational potential and Ve↵ is the e↵ective self-interaction potential for the axion

in the non-relativistic limit. The potential can be derived in the non-relativistic limit by expanding

the axion field a as a(x, t) = [ (x)e�imat +  
⇤(x)eimat]/

p
2ma and collecting the terms that are time

independent, i.e. slowly varying. The resulting potential, as in [43, 45], is given by
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where J0(x) is a Bessel function. The equations of motion are the Schröedinger equation combined

with the Poisson equation for gravitational potential

µ = �
r

2
 

2ma

+ ma� +
⇥
V

0
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(| |2)� ma
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 , r

2� = 4⇡GN ma | |
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Here, the space-independent chemical potential, µ, does not enter our approximation for the wave-

function. In the Thomas-Fermi approximation, the kinetic energy term is dropped, so that a single

di↵erential equation for  is obtained, namely
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where � is the gravitational potential and Ve↵ is the e↵ective self-interaction potential for the axion

in the non-relativistic limit. The potential can be derived in the non-relativistic limit by expanding

the axion field a as a(x, t) = [ (x)e�imat +  
⇤(x)eimat]/

p
2ma and collecting the terms that are time

independent, i.e. slowly varying. The resulting potential, as in [43, 45], is given by
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where J0(x) is a Bessel function. The equations of motion are the Schröedinger equation combined

with the Poisson equation for gravitational potential
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Here, the space-independent chemical potential, µ, does not enter our approximation for the wave-

function. In the Thomas-Fermi approximation, the kinetic energy term is dropped, so that a single

di↵erential equation for  is obtained, namely
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One can solve the coupled Schrodinger and Poisson 
equations:

The gravitational collapse is halted in one of two possible ways. If the axion star is not too massive,

then quantum pressure is su�cient. A state where the gravitational force is balanced by quantum

pressure can be achieved for axion star mass Ma� . 10.15 fa/(maG
1/2

N
) [38, 73, 74]. Numerically, we

find Ma� . 4 ⇥ 10�13
M� for rstring = 0 and ma = 5 ⇥ 10�5 eV. The upper bound decreases for

rstring > 0, so it is clear that a quantum pressure supported axion star is not possible if all the axions

collapse into axion stars.

The states we consider thus fall into the “dense” regime studied in Ref. [38]. In this regime, the

gravitational interactions are balanced not by quantum pressure, but rather by the self-interaction

potential. The mass of the axion star, even in the dense regime, is dominated by the mass of the

axions in the star, such that Ma� ⇡ maNa. The radius and mass of the axion star are roughly related

by [38]

Ra� ⇡ 2.1 ⇥ 10�5
R�

✓
Ma�
M�

◆
0.305

⇡ 6m ⇥

✓
Ma�

10�11 M�

◆
0.305

, (22)

which is independent of ma for fixed ma fa. Following Ref. [38], we solve for the wavefunction numeri-
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where � is the gravitational potential and Ve↵ is the e↵ective self-interaction potential for the axion

in the non-relativistic limit. The potential can be derived in the non-relativistic limit by expanding

the axion field a as a(x, t) = [ (x)e�imat +  
⇤(x)eimat]/

p
2ma and collecting the terms that are time

independent, i.e. slowly varying. The resulting potential, as in [43, 45], is given by
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where J0(x) is a Bessel function. The equations of motion are the Schröedinger equation combined

with the Poisson equation for gravitational potential

µ = �
r

2
 

2ma

+ ma � +
⇥
V

0
e↵
(| |2) � ma

⇤
 , r

2� = 4⇡GN ma | |
2

. (25)

Here, the space-independent chemical potential, µ, does not enter our approximation for the wave-

function. In the Thomas-Fermi approximation, the kinetic energy term is dropped, so that a single

di↵erential equation for  is obtained, namely
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Sine-Gordon Equation
In the dense axion star parameter region, the gravitational 
potential is negligible 
The relevant equation is simply to solve the sine-Gordon 
equation

✓̈ �r2✓ + sin ✓ = 0
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To evade the Derrick’s theorem for the time-independent 
solutions, one seeks the breather solutions

In 1+1 dimension, analytic and spacial-localized solutions 
have been found 

✓(x, t) = 4 arctan

" p
1� !2 sin! t

! cosh(
p
1� !2 x)

#
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In higher dimensions, one relies on numerical simulations 
to look for stable breather solutions
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Spherical Breather Solutions
For spherical solutions in 1+d dimension,

✓̈ � ✓rr � d � 1

r
✓r + sin ✓ = 0
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One could assume a periodic solution,                            , to 
derive a spatial-only equation 

f(r, t) ⇠ g(r) sin!t
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<latexit sha1_base64="jJALSbgwyaWllup7j9v7RX3X48g="></latexit><latexit sha1_base64="jJALSbgwyaWllup7j9v7RX3X48g="></latexit><latexit sha1_base64="jJALSbgwyaWllup7j9v7RX3X48g="></latexit><latexit sha1_base64="jJALSbgwyaWllup7j9v7RX3X48g="></latexit>

Using a shooting method to 
find g(r) as a good starting 
profile for f(r, t)

Piette and Zakrzewski, 
Nonliearity, 11, (1998) 1103

The solutions can be fitted by 
a simple function
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Spherical Breather Solutions
For instance, one can demonstrate stable breather 
solutions in a fractional dimension
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Spherical Breather Solutions
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Spherical Breather in 1+d
Under numerical 
uncertainties, one can 
obtain the region of stable 
breather solutions 
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As the dimension 
increases, the allowed 
frequency region becomes 
smaller

It is not clear at this moment whether 1+3 has a stable 
spherical breather solution or not

The current results show some possibilities of having non-
spherical 1+3 stable breather solutions, which is still under 
investigation (GPU simulation) 

YB, Berger, Hamada, work in progress
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The QCD axions may form BEC and have macroscopic 
objects like axion stars. 

The axion stars can generate observable radio signals when 
they meet astrophysical objects with a large magnetic field 
like neutron stars and white dwarfs

The stable breather solutions (of a dense axion star) for the 
sine-Gordon equation are still to be (numerically) proved for 
either spherical or non-spherical case

The axion stars can attract ordinary matter to form a 
metallic hydrogen cloud around: Hydrogen Axion Star 
(HAS), which can behave as a hot asteroid



Thanks!
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Observing HAS
For 5 meV axion mass, the apparent magnitude is

The faintest object so far has an apparent magnitude of 36 
by E-ELT. So, there could be a chance to observe this 
system

�E ⇠ mHv
2

⇠ 2 ⇥ 10�17 J. Meanwhile, the binding energy for a gas molecule to the axion star is of

order Eb . GNMa�mH/Ra�, that is Eb . 8⇥10�19 J, which is much less. It remains to determine the

probability that a collision between a HAS and an unrelated gas cloud leads to most of the hydrogen

in the HAS interacting. The number of interactions for a single hydrogen atom of HAS to interact

with the gas cloud is of order ⇡ a
2

0
RGCnGC , where a0 is the hydrogen Bohr radius, RGC is the radius

of the gas cloud, nGC is the density of the gas cloud. To get an idea of the probability of destruction

in a given event, we consider two benchmark cases. First, consider a collision with a giant molecular

cloud, which has a density of 104–106 cm�3 and a radius of 2–100 parsecs [84]. The resulting number

of interactions per hydrogen atom is then at least roughly 5⇥106, so that all the hydrogen in the HAS

is likely to interact and disrupt the hydrogen cloud of the axion star. For a smaller system, like a solar

system which has a di↵use density of order 5 cm�3 and a radius of order 100 AU [85], the expected

number of interactions is order 1, meaning that an appreciable fraction of the baryonic cloud may

survive such an interaction. Therefore, a fly-by HAS is still possible to behave as a point-like source.

5 HAS Detection

Radiation from the hot hydrogen fluid surrounding axion stars could be seen by a suitably high

resolution telescope. Provided that the HAS fluid reaches a su�cient density to become metallic

and that the metallic fluid reaches the edge of the axion core, the power generated by the HAS is

independent of the radius of the baryonic cloud. In particular this means that the total power emitted

is insensitive to the ultimate surface temperature of the HAS. On the other hand, the hotter the

HAS, the lower wavelength (higher frequency) the emitted radiation will be. Depending on the final

temperature of the HAS, the ideal wavelength for a sensitive telescope is in the UV through IR range.

Given an HAS at a distance D from the detector, surface temperature T , and baryonic cloud radius

Rbound, the rate of photons passing through a detector is given by

�� =
d�

d�
⌘

dN�

dt dA d�
=
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eh c/� kB Tsurf � 1
, (37)

There are several di↵erent strategies one could use to search for HAS photon emissions. One could

look for a nearby HAS, which should appear as a fairly bright point source in the sky. The apparent

magnitude (defined with respect to the brightness of Vega) of such a source would be

m = 18.9 � 2.5 log10
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300AU
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= 33.0 � 2.5 log10
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. (38)

19Our Sun is -26.74 and our full moon is -12.74


