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Strong CP Problem

+ 73(G) = Z : instanton solution for non-Abelian gauge

theories

+ It provides an explanation for the U(1)' problem or why 77’
Is heavier than other mesons

» The consequence is that QCD has one more term of

2

(o — _
6 327r

oG, G

the quark-field redefinition-invariant quantity:

0 = 0 + arg[det(M,, My)]

= This angle violates CP and contributes to neutron EDM,

which need to have 4 <10-'°, from experimental limits.
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Possible Solutions

/

Weinberg '1978; Wilczek '1978

Ma fa = Mn [

\
e

CP or P is a good
symmetry:at UV and
broken in IR with a zero
determinant of quark mass
matrices
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LHC or future colliders




Axion as Cold Dark Matter

+ The thermal production is suppressed for /. > 10° GeV

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

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

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

see Masahide Yamaguchi and Giovanni Villadoro talks

+ In this talk, | will concentrate on the parameter space of

H})nd
2T

fa S

with the end of inflation Hubble scale: #;" < 8.7 x 10" GeV
from Planck 2015



Misalignment Mechanism

« The initial angle could have random distributions from one

patch of the sky to another

» Defining the dynamical field: 9(x) = a(z)/fa , the EOM is

i .1 9V(h)
H(T -
O+3H(T)6 + 555 =0

+ The axion field is frozen to its initial value until the axion

mass becomes comparable to Z(7) . This happens at the
oscillation temperature

ma(Tl) =3 H(Tl)

» The temperature-dependent axion mass can be estimated

using dilute instanton gas approximation. It can be

numerically fit by Turner, PRD 33, 889 (1986)

ma(T) _ Tﬁﬁ —In(A/T)]? = (0.02 — 0.3)(A/T)37

Mg, T
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Misalignment Mechanism

» The current axion relic energy density Is then

mis—align . ta Ma (Tl) S(TO) 2 92 0.
P 28(T1) fa< zf( ’L)>
+ The axionic string decay can also contribute. Altogether,
L1 L 11 1 % L1 |—1—6'8 1 1 1 I2
2 1+ T'string Mg fa 0.02 <91, f(92)>
fla b7~ 0.112 1 5x 1072 eV 2 x 101 GeV b 8.77

see Giovanni Villadoro’ talk for more precise value

+ If we impose the SM QCD relation: m,f; ~ m;f;. We
anticipate the axion mass of 107° eV for 7sing = O(1)
and 1072 eV for 7string = O(100)

+ 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: m_f, > m.f;
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Axion Dark Matter Parameter Space

10-° 1074 0.01 1 100 104

+ For a generic model, the axion mass should be below
O(100 eV)
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Bose-Einstein Condensation of Axions

eeuse] \ |
o / G — //
\ 7 \ /
o A .

T ~300 K T=T

critical

+ The axion field is expected to Kolb, Tkachev, hep-ph/9303313 .....

. Zurek, Hogan, Quinn, astro-ph/0607241
have different values from Sikivie and Yang, 0901.1106

one Hubble patCh to another Guth, Hertzberg, Prescod-Weinstein, 1412.5930

Eby, Suranyi, Vaz, Wijewardhana, 1412.3430,
+ They can develop structures ... . 1712.04941

much earlier than the ordinary Braaten, Mohapatra, Zhang, 1512.00108, ...

large scale structure Raby, 1609.01694 |
Visinelli, Baum, Redondo, Freese, Wilczek,

1710.08910



Fraction in Dew

Fraction of axions in Axion Star

Not an easy question. Numerical simulations required.

0.6

t=0.1 t=20

05

0.4 F

0.3 F

0.2 p /-
-/

0.1/
El

O oo v b v v v v b v v v v v v b v v v v v b v ] O

FIG. 2. Condensation process. FIG. 1. Drops of dew at different moments of time.

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.



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(T; [CAkLcp)
volume to estimate the total number in one axion star

1/2 _ 5/2 3/2
na(T) - 10 1Y% /5x1073eV\*"? /2 x 10° GeV \*/
No = 75 =4 x 10°" x
H (Tl) g« (Tl) Mg fa
1097 7
7 1028 |- N -1077
| f RN M
1062? 1021 | e freen * 10_9
™ ,
f < 101" 107"
1057,
| § 1017 - 11070
1052; | 1 4n=15
| 1015 | 10
| 1013 | 7 10_17
1047,
L | | | | | | | | B 10-6 0.001 1 1000
10-6 0.001 1 1000
ma (€V) ma (eV)

Ma@ —~ 10_11 M@

Ma@ (M@)



Diluted Axion Stars

For the gravitational force to balance the quantum

pressure:
1 7 106 (1015M@> (104 eV>2

Rdllut
M,o GN mg Mo my

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

Mg — . NGNMC%E
R

» The diluted axion stars are justified for
L2 Chavanis and Delfini:
Moo S 1015 fa/(maGN™) 11032054

» Numerically, we find .. <4x 107" M, for ma =0.05 meV, with
a stronger bound for a heavier 1115. The QCD axion stars
could be beyond the diluted region

| 4



Dense Axion Stars

» The axion self-interactions can o
provide additional pressure to
balance the gravitational o
attraction or among themselves : -

10—8 [

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

10721 10718 1071° 10712 1079 1078 1073 1

MIM,

1/2 _ 1/2 ,
Riemse — 1 5 (1011 GeV) (10 ' eV) ( Mao )03 Braaten, Mohapatra, Zhang,
fa Ma 107 Mg 1512.00108

» The calculation is based the Thomas-Fermi non-relativistic
approximate, which is not consistent with the state obtained

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



Population of Axion Stars

» The averaged population in the Universe is around
O(1) x (0.1pc)™"

Inside a galaxy, the number density is enhanced

106%

solar

104%

100 -

N.o/(100 AU)?

©
o
=

RN
o
A

106 0001 | 1 | 1000
m, (eV)

We anticipate O(1) in our solar system. Where is it?

|6
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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.
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+ 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] .



How do we know iIts existence?

» They may change the properties of a planet. The particle
physics properties of axion may show up.

@ mpton O3 I )

» 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 ma/fx

+ The absorption is similar to the E1 absorption of a photon:

absorb 2
UCL—)’V (% 3 ma

Uphoto(w — ma,)c - 4770‘fa2,

19



Photon Absorption Rate

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

<n60'absvrel> — 01

» Based on the Drude model combining with experimental

data, the photon absorption rate in iron is

100

(Tabs VHe) (€V)

1075 10 0.001 0010  0.100 1 10
w (eV)

20



Axion Absorption Rate

Converted to our axion case, we have

10—13 ,

1 0—23 ,

(T abs V Ne) (S_l)

10-43 i | | ‘ ]
1076 0.001 1 1000

mg (€V)

It is much easier for a heavier axion to be absorbed

21



Power Generated by Axion Stars

» The absorbed axions by the material in the core of a planet

can provide additional power P, ., = M,c?0,_,vn.

The absorption rate Is related to the real part of the
complex conductivity  (n.o,10) = 01

1024 L
1020 L

1016 L

1012 L

108,

Pa@ (W)

104,

1,

1074

1()“4 | 0.61 | 1‘ | 1(30
mg (€V)
It is unlikely to have a axion star sitting in the core of a

planet. We may look for some more trackable signatures
22
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Axion Star meets Neutron Stars

» In an external magnetic field, the axion-generated current

—

jg = Va . B, and fa _ 9 [(&ga)ﬁ + (Va) x l_ﬂ
ﬂ-fa 7Tfa

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

—2 Mg T

n 1 ja (y:t — |7 — §)) imat € 3 . i T
AM / d3 ~ plMa d 7! 1 Mg Ng*Y
a (1) = 47T/ - ¢ . Yia(y)e

» For a dense axion with 1S-like distribution function, the

radiated power could be large

2 _ 6 — 2
p 19 % 101 W x 2 <in? 0 101 GeV 10~%eV | B M, 1.5m\°
df ' 7 fa Mg 1010 Gauss 10~13 Mg Ras

+ The diluted axion stars have a too-large radius to emit a

significant power. The dense axion stars may generate

enough power YB, Hamada, 1709.10516
24



Axion Star meets Neutron Stars

=+ The encounter rate in our galaxy is estimated to be

Ncollision/year = MNAS X NINS X OV X Vgalaxy ~ nas X NNS X OUre

10713 Mg Nxs
—0.003 % £ fas ( ) (_) |

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

chance
v (GHz)
1071 1 1
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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

VB, =—ppVo

« |lgnoring baryon self-gravitational interaction

1 an - _GN Menc.(’I“)

op Or r2

27



Isothermal Collapse

Before around one tens of the recombination temperature,
the Compton interactions with CMB photon can keep a
uniform temperature for thegascloud »r, _ 1

Pb my

Depending on the relation of T and the virialized

temperature: o GymyMe o Mo 1m
vip = ~ ev X
Ra@ 10_11M@ Ra@
o T=0.5 eV Mao=10""M,,
Rae=1m
1020
 T=1eVv
1016 | \\
, T=100 eV ,
1012 - T=10 eV \\K
108 - ]

0.01 | 010 | 1 | 10 | “““1‘00
r (m)
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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 thegascloud »r, _ 1

Pb my

Depending on the relation of T and the virialized

temperature:
Tvir = GN Ty Ma@ ~ 13 eV X Ma@ L m
Ra@ 10_11M® RCL@
P Yy w0y |+ Diluted axion stars do
| Rao=1m not accumulate too
T Teev much baryons
1076 - \
, T=100 eV *
10"2 - T=10 eV ‘\\K

0.01 | 010 | 1 | 10 | HHH‘I‘OO
r (m)

28



Isothermal Collapse

Before around one tens of the recombination temperature,
the Compton interactions with CMB photon can keep a
uniform temperature for thegascloud »r, _ 1

Pb my
Depending on the relation of T and the virialized
temperature:
Tyir = GN Tp Ma@ ~ 13 eV X i‘{c;@ 1 m
Roc 10~11Mq Rao
o w0+ Diluted axion stars do
| Rao=m not accumulate too
T ey much baryons
10 RN : o
T NN ~«» Once the density is too
w02 T=10ev ‘K high, we care about
: pressure from Fermi-

r (m)

28



Temperature (K)

L %4

10®

Hydrogen EOM

10"  10° 10° 10° 10* 10° 10° 10
LBLLLLLL | T TTTITm | T TTTTIm T TTTTIm | TTimm - | T TTTITm K| T TTTTIm | T TTTTIm ]
A< K
lassical TCP . S d te TCP
10° classica . Q egenerate 10°
————— o)
41 ] 4 o
otg e 10 S
-—7" o
-]
: s 8
10" F 410 o
o
10° £ 310°
solid H,
L1l L1l LB | 4 Lo | L | Ll
10° 10* 10 10 10® 10* 10° 10° 10"

Pressure (GPa)

McMahon, et. al., RMP, 84, 1607

» Hydrogen has many phases in high pressure and
temperature environment

300
= 80
Q
S 70
qJ -
250 | 5 60 P
3 50 X
a
40 | BOMD - T=3000K —o— 1 X
045 05 055 06 065 X X X
200 ¢ density (g cm™) « X . .
X [}
X ]
%
150 | a"e’
k% e ®
o0 ®
° CEIMC —X—
o® BOMD —=—
100 o " . . . . . PIMD —e—
0.7 0.75 0.8 0.85 0.9 0.95 1 1.05 1.1

density (g cm™)

Morales, et. al., PNAS, 107, 12799

+ The liquid hydrogen state has EOM fitted as

P

(-

2m,

T

"y

Po = 51.33 kg/m?,
Y, = 1.36,

To = 1000 K,
Y, = —0.89



Hydrogen Density Profile

» For the benchmark point of m, = 5 meV

10
1000 -

~ R
> 100
=3 ;
Q E
10

Zs = 1100

1 . L . L . L
0.001 0.100 10 1000

r(m)

+ Here, z; is the redshift to stop evolving the hydrogen cloud

around the axion stars

» For zs below 10, the reionization and star formation

happen and the boundary properties vary a lot
30



Metallic Hydrogen Conductivity

Saturn —

o PRL,116, 255501

7x1 O3 ’ W

Temperature (K)

0 50 10 150 200

0]
Pressure (GPa) ‘ ) cm-
4

» The surrounding cloud is more like the metallic hydrogen
fluid with a factor 10 higher conductivity than iron
31




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 redshift

, 3m2 o {2><1013W for m, =5 meV,

I:)a,l__:f Ma Iﬁlrgbs — Malﬁl 5 ~
| dmaty € 2 x 10° W for m, = 0.05 meV

» The HAS generates photons via
the blackbody radiation

m,, 5 meV 0.05 meV
Por=4nRE @, To . ze | Roownd (1) Tawr (K) || Roouna (m)  Taurr (K)
1100 2.3 4.7 %< 10* 2.6 450
» A hot HAS is anticipated 137 23 1.5 % 10 24 150
for a heavier axion mass 10 | 3700 1200 3800 12

+ It behaves as a hot and medium-size asteroid

32



Observing HAS Point Source

Its blackbody spectrum is

do o qu, (Rbound>2 2mC 1

@ = — = —
AT dN — dtdAd) D M ehc/Xkp Taurs — |

It can be observed by a good-resolution telescope

~ my=5meV, D =300AU |

®, (cm™? s nm™)
— — —
o o o
& A N

—_
<
0e]

10—10 Ao R A ] NN NN
10 100 1000 104 10° 106

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

Gravitational Microlensing by Black Hole

Star
Light o

> W\
from { //l AN
GraVitatibnal

star ey Reus

/lensingy
‘/ f =R b

Earth

[before]

Microlensed
image

Credit: NASA/ESA




Microlensing

_ref.___target diff.  diff.-PSF

aatH LAY

—1000¢ "

counts in the ¢-th difference image

¢ HSC data
T e best-fit ML modlel *
0 5000 10000 15000 20000 25000
time from the beginning of our observation [sec]
Subaru/HSC:
1701.02151
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Constraints on PBH

Mppn [M@J
10-* 107 107 100
§| I‘
101}
=
é —2L =
S 1072k
am 5
o 5
é* 1073 k&
| o HSC M31 constraint (95% limit)
o -
10~
RN R N AN NN NN NN N AN NN NN SN SN AN SO SO SO B B
10%°

10—15615 1020 1025 1030
Mpgr [g]
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Constraints on PBH

Mppp [MGDJ
10°% 1010 10~ 10°
)
10—1;-
= 5
2 1078
us 5
o 10—3'§
c s
B
Al |
10_45
1()_15015' —0
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Wave Effects for Small Masses

+ The wave effects become important when
Gy\MgyE, < 1 Mgy 5 (6.6 X 10> g) X (1 eV/E)

+ Subaru/HSC early version missed this point

Mppn |[M
10710 107° 10Y

107"
El I I | I I|

emt

BH Evaporatio,

| | | | I | | | | | | | | I | | | | I |
101 10% 10%° 10 10% see: Smyth, Profumo, et. al.,
Mpp [g] 1910.01285 for additional finite
source Size issue



Microlensing of X-ray Pulsars

» Choosing the sources with more energetic photons couid

extend the reach
YB, Nicholas Orlofsky, 1812.01427

30— m————m—————r—————7————7—
] SMC X-1, E, € (2, 60) keV-

25| \ Point source._
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SMC X-1

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

» The Rossi X-ray Timing Explorer Proportional Counter

Array (RXTE PCA) has around 10 days observation time

' +
A #oo
800F = o .
600} 7 7
Q - .
)]
400 fagmig dhy | MEEN T
200
(0] =TI B P TP TP S SRR
0 1000 2000 3000 4000 5000 6000

time (0.1 s)

YB, Nicholas Orlofsky, 1812.01427
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Microlensing of X-ray Pulsars

M M YB, Nicholas Orlofsky,
Per (M) 1812.01427

10}

fpBH

0.100

eXTP(300 d)

0.010| Subaru

1024

'16|18' 16|19' 1620‘ 16|21' 1(')'|22' 1623'
Megy (9)

41

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

In the non-relativistic limit, a(x.t) = [p(x)e7 + y)e™1]/ " 2m, ,
the axion potential becomes

NJ\z M%MJ\ o Braaten, Mohapatra, Zhang,
2y — m?f? — N 1512.00108
Veff(|l'|J| ) mafa 1 —|_ 2 ma fg ‘JO m—afa

One can solve the coupled Schrodinger and Poisson
equations:

2
pp=

2mg

+ Ma @ + Vg([Y]) —ma] & CZ0I=4nGy m, I

However, the Thomas-Fermi approximate is not reliable,
because axion becomes relativistic inside a dense axion
star Visinelli, Baum, Redondo, Freese, Wilczek, 1710.08910

Schiappacasse, Hertzberg, 1710.04729
Eby, Suranyi, Vaz, Wijewardhana, 1712.04941

43



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 .
0 — V0 +sinb =0

» 10 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

0(x,t) = 4arctan

i V1—w?sinwt ]

W cosh(v/1 — w? z) |

» In higher dimensions, one relies on numerical simulations
to look for stable breather solutions

44



Spherical Breather Solutions

» For spherical solutions in 1+d dimension,

d

— 1
0, +sinfd =0
”

é_err

+ One could assume a periodic solution, f(rt) [gl)sinwt , to

derive a spatial-only equation Piette and Zakrzewski,
J—1 Nonliearity, 11, (1998) 1103

—gr(r) + w’g(r) = 221[g(r)] = 0

grr(r) +

+ Using a shooting methodto s
find g(r) as a good starting
profile for f(r, t)

d=2, w=0.9
numericalé
------- fited
C=0.88,K=1.77-

2.0+

+ The solutions can be fitted by 5 ..
a simple function

0.5F

27r

g(’]") — 4arctan |:C e_Kﬂ' arctan(%)}

00 - | | | | | | | | | | |
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Spherical Breather Solutions

+ [For instance, one can demonstrate stable breather
solutions in a fractional dimension

(1+2.1)dim, C=0.5, K=2.733, Aty,=40 (1+1.1)dim, C=0.5, K=1, Atpjor=1

f(0)

I I
I\) - o - N

2.0
1.5}
1.0}
0.5¢ | n

f(0)

AAAAAAAAN

ol JVVVVVVW%VVJVV

-0.50 || |
-1.0} |

012345678910 O 20 40 60 80 100
t/10% stable t unstable



Spherical Breather Solutions

3.0

" 1+1.1 dimension

25
20
O 15
10

0.5

00 e
0



+ AS the dimension

Spherical Breather in 1+d

» Under numerical 0.041
uncertainties, one can -
obtain the region of stable s
breather solutions S .02

<

()]

=

increases, the allowed |
frequency region becomes %% . |
smaller w

» 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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Conclusions

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

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

49






Observing HAS

+ For 5 meV axion mass, the apparent magnitude is

L | —_
P 300 AU -~
P Ipc °
= 33.0 —2.5logqg s

2x 1013 W D

+ QOur Sun is -26.74 and our full moon is -12.74

+ The faintest object so far has an apparent magnitude of 36

by E-ELT. So, there could be a chance to observe this
system
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