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QCD-Axion in a nutshell
i
® A wide range of astrophysical observations are well T=Js  Lo=20.000" - g(@@_-a.-g)Q +o
explained by including cold dark matter (CDM) (peebles, 2015). | ($(2)) = vq 9@/ ve
: ) : - V, = f(f-mz(#)[l — C'os(i)}
® A popular dark matter candidate is the QCD axion: PG-boson N s f

associated with SSB of U(1)p(, which was introduced as a

possible solution of the strong CP problem (peccei and Quinn, 1977) .

® The axion field acquires a mass after the QCD phase transition, ¢ >

and then begin to act as a form of CDM (Preskill et al. 1983). =% (Pagner, 2013) dx

e Ground based experiments as ADMX (Asztalo et al. 2010)

® Extensively axion searching * FRB and axion miniclusters (Tkachev 2015)

* Transient radio emission from axion photon conversion during neutron
star-ultracompact minihalo encounters (Nurmi, Schiappacasse, Yanagida, 2021)
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DARK MATTER AXION CLUMPS :

® We are interested in BEC of axions:

Standard formation during
radiation domination

(Sikivie and Yang, 2009)

On small scales axions can gravitationally

M ~ 10~ .\L.,,.‘ thermalize leading to a type of BEC

d

Condensate of short range order driven by attractive
interactions : gravity + self interactions 1a*

(Guth, Hertzberg, and Prescod-Weinstein, 2015)

® In the effective theory for axions, they can be described by a real scalar field ¢(x, t) with a small potential
V' (a) coming from nonperturbative QCD effects.

V(@)= mia?+=at+ .

® Around CP preserving vacuum:
L=.—g |16 7 +gtvr,av,a —-v(a)
® Forthe standard QCD axion TN
- [6-10MGeV : — 1. — o 2F2[1
Ma (Iﬂiﬂ.{f.ﬂ'rﬁﬂﬁl) = 1[}_"01’?( ) = ) and 1= _F% <0 V= 1: V(a) - maFg [1 COS('a:/Fa)]
a : y=1-3mymy/(m, + my )* = 0.3 (Grilli et al., 2016)
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® In the non-relativistic regime we can rewrite the real axion field in terms of a complex
Schrodinger field Y

d(x,t) = b le~tmatyp(x, t) + etMalyh*(x, t)]

2m,
® The dynamics of Y is given by the standard non-relativistic Hamiltonian:

(t/)(x, t) K my(x, t), dropping high oscillating terms)

R S =t Bxyty?
Hpr= Hyin + Hine + Hgray Hiein = Zmafd XVt VY, Hine = 16m?1fd W
(Gu'th, Hertzberg, and Prescod-Weinstein, 2015; - Gm? ; L Y (PP
Schiappacasse and Hertzberg, 2017) Hyray = — > d’x | d°x X — x|

® H,. carriesaglobal U(1) symmetry Y — e'? associated with a conserved particle number

N=jd%¢%@¢u>

BEC : State of minimum energy at fixed N (spherically symmetry)
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Y(r) describes the radial profile
u describes the correction to the frequency

SPHERICALLY SYMMETRIC CLUMP CONDENSATES

® Gravity will inevitably cause a homogeneous condensate to fragment into an inhomogeneous field
configuration: locally this leads to the formation of BEC clumps.

® The true BEC ground state is guaranteed to be spherically symmetric: (7, t) = LP(r)e_i“t

® The time independent field equation for a spherically symmetric eigenstate is

LIJ4
Vo = —
T B NG el " 16F,”
W =—-——\¥"+-¥ | —-4nGmi¥ dr'r + =
, 2m 5 0 rs 2 0¥

(Schlappacasse and Hertzberg, 2017)

1.4 ——mm———————————————————————— -

1.2F Exponential-Ansatz - ) ) _

10k Sech-Ansatz ] Far field region (r — o) : Identical to the structure of the time
N ' E\ Numerical : independent Schrodinger equation for the hydrogen atom under
- 0.8 \ ] replacement Gm?*N— e?
D 0.6} ]
- 0.4f \ Near field region (r — 0) : Corrections from self-interactions

0.2 § . become important. There are no know full analytic solutions.

0.0} T ]
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SPHERICALLY SYMMETRIC CLUMP CONDENSATES g 6
il 0 to obtain conditions for stationary solutions

Exponential-Linear Anstaz  Forany(ad, b, C) there ate two branches of solutions

N r Scale length
Y(r) = | +— e"”() ’ L 2 _ AT 2
( ) 7R3 ( R (variational parameter) 5= a+t \/abN 3bcN
N N N> N? i i
H. . =a = = b— — C=x5 Anyilri)clahzesl ?rrlls;carz gfa State of minimum energy at fixed N
R R R Raoai L L (spherically symmetry)
N =4n fooo Y (r, t)|* ridr S 0
3 ! Stable branch !
N = m“F GNN % 3 | T 20
—~ a S - Nmaxaﬁ)'nlin @ - -
R=m,/GNF,R g 2 ( ) 3
= W -30¢
Hiot = —3m/—a Hyot 15Unstable branch
Fa, GN 0:_ 40}
0o 2 4 6 8 10 00 01 02 03 04 05 06
Number N Radius R
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SPHERICALLY SYMMETRIC CLUMP CONDENSATES /s

® We compute the maximum mass, and the minimum clump size for axion clumps as follows:

12 5107 () (i) )

i 0o V) 6 0Llcon 0
min m ma Fa y

® Asimple manipulation allows us to express (M jymp, R) of any clump as

Mclump (R) = Mo, ox(Rnin)

1+V1-a?
R:( = )Rmin a € [0,1]
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Star
B B
Light ‘

Gravitational Microlensing (PBHs)

® The image of a background star is distorted when a massive compact object

MACHO

Mln:rolens‘lvng

passes close to its line-of-sight. The time varying amplification of the brightness

of the source star is called a microlensing event.

Brightness of star

® Massive compact objects can be constrained by using the microlensing

events reported from different surveys. E> Subaru HSC & EROS-2 surveys

P Pointlike Einstein ring angle Lens plane
f=h— 5 TN is a solution of B(8;) = 0 &
DvDs 0 o
, : I. o Dis Sourc;\ 3
H,r-,' = —1-(1 N lll.lf _-_"'*‘-—-
‘ \/ Ds Dy

e s Yoo
1 Optic axis

U=1— — where u = /0 and t; = 0;/0r. Lens Equation

J
~

0;do; t; dt,
U = TG0 g HTJ = || + |#2| > 1.34 Magnification . Dps

pdp udu Ds
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® Itis assumed that microlensing events follows a Poisson distribution s et BTG -
107 10 107 10°
I L | I I I I I | I I I E
® Probability of observing N, microlensing events: N
101}
= ?
__ Nops ,—N ESEN
P(NobsaNexp) — (NGX];)) e eXp/NObS! = 10 )E
s [ &
0 5
Neyp : Expected number of events 21078 5
N, : Observed microlensing events gl E
10~} ]
If Nops = 0 (1), Noy, > 3 (4.74) is excluded at 95% confidence level. | 5[

| I | | | | I | | | | I 7I | | | I. r\
1015 1020 1025 103(_) 1030

Magnification ﬂr‘prH [g] (Niikura et al., 2017)

Subaru Hyper Suprime-Cam
2min < tg < Thr

Thr = Mpgy ~ 10_5M@ .
We can theoretically calculate

Nexp given dark matter model.

t

"? hours Time

197 frames

Mpen )( d )( v )‘1 Nexp=Nexp(uT,MclumpaPDMafDM("U)aTobS)

10—%Mg, 100 kpc 200 km/s

tg ~ Rgp/v ~ 10 min (
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Gravitational Microlensing of Axion Clumps

2.00

We solve lens equation including
finite lens and source size effects!

150

125

Point source

MPBH — Mclump (maa Faa Of)

1.00

075

Qpeu/2pM — Qetump/ DM

Radical Case R > R

+0.50

(Diagrams made by K. Fujikura)

Re > R p<1.34 L4
.? 1°27 0.00
Y 1.0
dBcrevoccssesscenssadens "I.[”:T-:ll ..... t ~ 0.85
¥ 0.6/ | Afinite lens :
- : : Pointlens.  NO microlensing events for R,. < 0.6 X R.
0.4} effect is ellilri=rin E
Re < R pn < 1.34 - ] finite | . £f
02 | important. (Pll?;ll-l)l h (A finite lens size effect)
- | 1 "o 2 4 6 8 10

No microlensing events for R¢ > 2.3 X Rp.

Wwr —
£ = Rp/R (A finite source size effect)
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CONSTRAINTS FOR AXION CLUMPS 11

SUBARU HSC (2 min, 7 hr) EROS-2 (1 day, 250 day)

104 : : : : : :
Qctump [pa= O
T n1 o _;1 ] Mclump 10 M@ S
I cump/{pM=0. / Mclump ~1O M@ —
""" ﬂclumpfﬂnm=0.0| a=1
| = = QCD axion =
10-8L
0.01f
>
2 LY
g 10 5L 10_11‘ h
1078} % P ~ s E 1074} Ry ]
i NS T — Mclump ~10 MG) _ ]
L N .\'""- ., 1 | > % Mclump _~1OM®
10~ 1t f N, .
“-\\ . | . | 1 0_1',_ L \\\ ﬂt'.l.urnp;'r:h'ﬂﬁ:l 4
10%° / 102 10 100 ! RNRE NN Qelump pM=0.1 |
R~R F,[GeV] The classical QCD axion N\, T QeDaxion
E . 2 T e o N I S wg=0.6
window is not constrained 1020 . . AN )
e E 10'2 10'3 104 10" 10'° 107
due to a finite source size . [GeV]
-+ eV
effect. .

fa > 101°GeV can be constrained for the QCD axion
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Finite source
size effect ! I
‘1: ; ; _ !_;
> P . 0.50} i
0.500f ! | - _ ;
L : rll- .;
' / ! ;!
L
1 o f % ]
/ ,;:" = )
0.100} P . & Vi Finite lens size effect
r r
2 : /'/ & 0.10} ]
& 0.050¢ iy i E ; y
~— r' / B F
g K7 .. 1. G I
E ¥ Finite lens size effect  0.05¢
] ]
G F,=10"25[GeV]
0.010+ N St F,=10'3[GeV] |
; F,=10"[GeV] fmemee Fy=10%5(GeV] |
o6.oo5 emee- F,=10"5[GeV] | | Fy=10"[GeV]
L e - F,=102[GeV] QCD axion
. 0.01— ' ' '
-------- Fo=10"3[GeV] 107° 0.001 0.100 10
, QED axion Mc]ump/ M@
1079 1077 107° | |
M. 3 D 3
Rp~19x 10° x R@( L'”‘“f’) ( S )
Mg 10 kpc
) (@) () ()
XK | o | | c— | co— —
0.3/ \10 kpc | + V1 -

10" GeV

el

0.001 o-11
Mc]ump/M@

we =~ 10 % ( S
' 1077 eV

For M jyump < 1073M, we have Rg~Rg
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CONCLUSIONS .

® We give for the first time microlensing constraints from the EROS-2 and Subaru HSC

surveys on QCD axion (axion-like) dark matter clumps including finite lens and source size
effects.

We found that the brightness magnification of the source stars is shut-off for the finite lens
and source size effects when (R < 0.6R) and (R, > 2.3Rpg), respectively.

EROS-2 and Subaru HSC surveys are able to constrain axion clumps within the mass regime
107 S Moyump/Me < 10 and 107 S M yymp /Mg S 107>, respectively.

For the QCD axion, only the high breaking scale regime F, = 10*?GeV can be constrained
due to the sizeable finite source size effect present in the regime at which the axion decay
is within the classical QCD axion window.
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FURTHER DISCUSSION

EROS-2

a=1 a=10"%
T T T T TTTT \' T T T T T T T
10791 .
o "':\\
,xﬁ‘__\
- b - -
107 /r \\ = .
\\\\
— 107% N
>
-
= 10~}
—-13|
1
10_17 L \\\\ - “clump."{ﬂD_\{zl 0 -”-du]rl]:t."r-”-D_\'Iz:L
\\\ -------- n(:]ump}'rnl)l"lzo-l i [-o n‘ﬂ"m]’”{ﬂnmzo'l
\\ ----- - QCD axion | 10-151 77 - QCDaxion 4
‘\\———-- wg=06 | | ==——= we=0.6
—20 \
1() - 1 I R | - 1 1 e | 1 L1l _I L1 1 a1l 1 P BN _ - 1 111l - 1 1 a1l 1 L1l ’_I L1l 1 N
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F,[GeV] F,[GeV]

Parameter regions on the (F,.m,) plane excluded by the EROS-2 survey are shown for Qgy,,/Qpy = 1 (red curve) and
Qump/2pm = 0.1 (blue dotted curve) with a = 1 (left) and with @ = 10~2 (right). The gray colored dotted-dashed contour and magenta
colored dashed contour correspond to the parameter of the ordinary QCD axion and wg = 0.6, respectively.
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SUBARU HSC

. a=1 a=10"2
10 T T T T T T \\' ALY | T T T T T T
| D ymp =1 i \‘\
wemens Qegump/Qp=0.1 | 0.001F
10 nn'lum]'n"'ﬂDM=0-Ul I l‘\\
----- - QCD axion I S
1 1072 | RN
™
\.:-"h-
0.01 ™
—_— 10—7 L
o
- -
= 1077 10~9
Day mp py=1 »
-8 -11 | R _
10 N IR Qepymp Mpu=0.1 \\\
______ 'Qi_'lump.l'r'ﬂ'DM:0‘01 \\\
b
. A
1 10787 QCD axion AN -
10~ N e wg=0.6 kY
10%° 10'2 104 10 10" 102 108 104 10% 10 107
F,[GeV] Fq[GeV]

Parameter regions on the (F,, m,) plane excluded by the Subaru HSC observation are shown for Qejump/ 2pm = 1 (red curve),
Qe jump/E2pm = 0.1 (blue dotted curve), and Qjymp/2pym = 0.01 (purple dashed curve) with a = 1 (left) and with a = 1072 (right). The
gray colored dotted-dashed contour and magenta colored dashed contour correspond to the parameter of the ordinary QCD axion and
wg = 0.6, respectively.
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SUBARU HSC 17

2

a=1 a=10"
1 \ 1 T 1 ; . 1
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0.01 : 0.01 : : - 0.001 = - - s 0.001 - - - -
1075 0.001 0.100 10 1075 0.001 0.100 10 o7t 1079 1077 1075 o7 1079 1077 1073
Mc‘lump/M@ Mclump/M@ Mfllllﬂl)/MO MCIUHID/MQ
a=1 a=10"2 a=10"*
1 1 ‘. : 1 : 1 — :
i
0.5001 q 0.500¢r ]
0.50¢ 1 0.50F J
0.100} 1 0.100} E
= = X = Z
g 8 : & 0.050( 1 & 0.050} ,
1 1 . I
~ ~ i ) ~ —
2 0.10p 4 & 0.10t " i i & =
E E \ H g g
] = A\ ! = =
el e . 1 o pe]
= a ! =] S
0.05¢ ] 0.051 ! ] 0.010¢ 1 0.010} —
!
F,=105[GeV] Fo=10"5[GeV] Fo=10"[GeV] F,=10"[GeV]
----- Fam109[GeV]  ” ----- F,=10%[GeV] 0.0051 Fa=1015[GeV] 1 0.005[ ----- F,=103[GeV] ]
— Fewo®sigev) 1 e - Femi0®S[GeV] e Fp=10™[GeV] 4 e Fy=10"[GeV]
- F,z10M[GeV] Y F,=10"*5[GeV] - F,=10'45[GeV]
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‘ ‘ ‘ ‘ ‘ . ‘ 0.001 : : : 0.001 : : :
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Parameter regions on the (m,. SZC]ump/QDM) plane excluded by the Subaru HSC observation are shown with a = 1 (upper
left) and with @ = 1072 (upper right) for the axionlike particles with several fixed F, and the ordinary QCD axion. Excluded parameter
& a J
regions on the (1m,,Qqyn,/Qpy) plane are shown for the same F, with a = 1 (lower left) and with a = 1072 (lower right).

Parameter regions on the (m,. Qeymp /Qpm ) plane excluded by the EROS-2 survey are shown with a = 1 (upper left) and with
a = 1072 (upper right) for the axionlike particles with fixed F, and for the ordinary QCD axion. Excluded parameter regions on the
pper rig P a Y p g

(Mg, Qelump/S2pm) plane are shown for the same F, with @ = 1 (lower left) and with @ = 1072 (lower right).
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