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DARK MATTER AXION CLUMPS :

® A popular dark matter candidate is the QCD axion: PG-boson associated with SSB of U(l)PQ, which
was introduced as a possible solution of the strong CP problem (preskill et al., 1983; Peccei and Quin, 1977; Weinberg, 1978)

® We are interested in small scale axion substructure:

&y-

(Sikivie and Yang, 2009)

On small scales axions can
gravitationally thermalize leading
to a type of BEC

M~ 1071 M.,

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

Condensate of short range order driven by attractive
interactions : gravity + self interactions A¢*

® Axions are described in field theory by a real scalar field ¢ (x, t) with a small potential V(¢) coming from
nonperturbative QCD effects.

® Expanding around the CP preserving vacuum: V(¢) = = d)qbz + = cf)4 + .o

[

For the standard QCD axion md, = m(p(mudn,fn,fa) and A= ") ‘/’ <0

y =1 V(¢) - m<2pfa2[1 - COS(¢/fa)]

y =1—-3mymg/(my, + 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

]:
p(x,t) = \/2—74,

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

[e_im('btl/)(x, t) ot eim‘f’tlp*(x, t)]

1 - A %2
Hyin = %I d>x Vi* -V, Hypy = 16m§)fd3x¢ 1/J2,

Hy= Hyip + Hipt + ngav

Gm5 *(xX)Y* (xHY ()Y (x'
(Guth, Hertzberg, and Prescod-Weinstein, 2015; Hyprap = 2¢Jd3xjd3x'¢ ( )lply(c —)pr'(| Jpx)

Schiappacasse and Hertzberg, 2017)

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

N=fd%¢%m¢@>

True BEC : State of minimum energy at fixed N (spherically symmetry)
Other type of BEC: State of minimum energy at fixed N and angular momentum L (non-spherical configuration)
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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) = LIJ(r)e_i“t

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

1{_}4
Var = —
1 2 2 e e ) 16f,*
uv=——(9"+-9 |- 4nGm2‘Pj dr'r'? & +—— .
, 2m T 0 1% 2 0¥
(Sch|appacasse and Hertzberg, 1710.04729 )
1.4 ——mmm—m———————————————————————— -
1.2F Exponential-Ansatz - ) _ .
10k Sech-Ansatz ' Far field region (r — o0) : Identical to the structure of the time
N ' E\ Numerical independent Schrodinger equation for the hydrogen atom under
- 0.8t \ replacement Gm*N— e*
@ 06} ]
- 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 e S =
L —t=0 |

0.9 —F— 5
0.8 g 13.5
SECH ANSATZ _loaz LT
Nmax"’ ) — 07 f t=15 ||
. 3N 1AIVE = —i=20
¥Y(r) = ¥, sech(r/R) with ¥, = s 013 . Gmy  Gf2 w067
RminNWgW'th5_W__ S o5t ) .
¢ - Radial perturbation of a ground state
E o4 belonging to the stable branch.
N Gmprz AN2 Any localized anstaz of a s
H(R) = am¢R2 Tl e Cmpr3 5 single parameter R 02
0.1
. . . | . .
. . 0.5 1 1.5 2 2.5 3 3.5 4 4.5
R is the effective radius of the . Attractive Self-Interactions A <0 Radius 7
solution (variational parameter) ' Or
T 10 -10¢
_ 0 2..2 ‘o [
N =4x fo |W(r, t)|% ridr T T
5‘ Stable branch (gravity dominates) 3 —20 [
8 0.5 = .
3 W -30¢
©
Unstable branch (A ¢*dominates) [
0.0 -40¢
0 2 4 6 8 10 12 . ' ' ' ' ' '
Number N [l4]-6-2] 0.0 0.1 0.2 0.3 ) 04 0.5 0.6
(Schiappacasse and Hertzberg, 1710.04729 ) Radius R
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CLUMP CONDENSATES WITH ANGULAR MOMENTUM 6

® Clump condensates with non-zero angular momentum have a larger N,,,,, (and field amplitude).

The angular momentumis L = (0,0, Nm) with N = 4w fooo dr r?|¥(r)?|
® \We take the field profile to be W (x,t) = V4rW ()Y, (6, p)e #t

® We look for states which minimize the energy at fixed particle number and fixed angular momentum

® As usual we make an ansatz for the radial profile W(7): For non-zero |, the structure for small r behavior
drastically changes in comparison to the |=0 case

o=~ We need W(r) = W, r! — lLI’Br”z + --- (near region)
e 7 s ARy 1(14+1) : S 2
tUerr 1P = ——(LIJ +-¥ )+ Y (near region)

& X 2mg i 2m¢r2

~-- — MODIFIED GAUSSIAN ANSATZ

I | i

: SEna Wy Sz NI Vi 8 )
It includes the gravitational term  These terms blow up whenr — 0 () 27I(l+%)!R3 (R) 4
o . . N GmgN? AN?
The Hamiltonian is a generalization of the previous one for the L 5 Pl
[ = 0 case: constant coefficients (a, b, ¢) become {l, m}-dependent o0 mgR? LD o mbe3
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CLUMP CONDENSATES WITH ANGULAR MOMENTUM Field B = Wpy/R3/N versus radius 7=71/R in the 7

modified Gaussian ansatz for different values of spherical
harmonic number L.

We plot Rgy (09N = 4n fOR% dr'r"*(r")?), where 0.5p
(a) lzln =0 ﬁgo = m¢51/2R90 and N = |A|61/2N :0
(b) I=m[=1 1 0.4} »
= (¢) I5m[=2 =2
L. i = 0.3}
%)
= = 0.2
= o 0.2
T (I
0.1t
- - - - : 0.0t , e
20 30 40 50 60 0 1 2 3 4
Number N (Hertzberg and Schiappacasse, 1804.07255 ) Hading #
4000 ) 1 Energy of clump solution versus number with non-zero angular
' 1 momentum parameter |m| = 2 for different values of . At a
2000¢ ; 1 fixed number N and angular momentum L, = Nm, this
1 ] illustrates that the configurations that minimizes the energy has
I 0 1 spherical harmonic number [ = |m| (whenever the solution
> s | ~ 3 5 -
o -2000¢t 4 exists). Here H = |/1|2/(m¢\/E)H and N = mg+/G |A].
) ki ]
C b “ ~
i -4000} (2)1=2, jm=2 Sl T At high I = |m|,
(b) 153, [m[=2 %
-6000} (c) =4, jm|=2 () 3% 1
el . ‘ . 3 I’ 10.52 (13/2) . 0.141 (1*/2)
0O 20 40 60 80 100 120 AT AWE (In1/e . T mg Vs (In)*/*
Number N
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PHYSICAL PARAMETERS FOR AXION STARS 8

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

A

Mo Sopa 1060J“_l(m(;2fa)7—1/2)

a;~1/2, by~ (nD /1, &y~ 1/3/21 for high I = |m|

MeEsr s 3ol kot == (i el )

q/blmclm
Here?az—f“ i, = —2 ¥y =v/0.3,

)m - )
6 x1011GeV’ _®? = 10-5ev
and the coefficients a;, b;,,,, ¢;,,, are normalized to

§90 6lm el thei I |
S el s eir zero angular momentum value.
Roomin~70 km ( e
90/ | bim

® Note that the number of axions within a correlation length in the scenario in which the PQ symmetry is broken
after inflation is given by

3
(Guth, Hertzberg, and Prescod-Weinstein, 2015) Tequl L sk |
Neel- om0y Forl = |m| = 5, we have N,,; 4, = 1061

Toco™Mg
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AXIONS AND PHOTONS .

f"WU""Y

® The axion-photon decay channel runs through the chiral anomaly a-->--<9ay 4

1 ik o 5 AvVaVaVe Y
LEM ey ZF“VFHV — Ty ngHVF“V Gay = " :l- KSVZ/DFSZ/Hidden sector

( B~107% in QCD conventional axion models)

_ Kim (1979); Zhitnitsky (1980)
We send g,, — |gay| for ease notation

(Only its magnitude is of significance here)

S oAl — (/To,ﬁ) in the Coulomb Gauge, we obtain for the 2 degrees of freedom :

. dilos

A— VZZI gl gayV X [(0@)2] =0— ﬁk i kzﬁk + gayik X fwathk_k/zk/ =0

V| < |0;:¢| in the non-relativistic limit for axions
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HOMOGENEOUS CONDENSATES .

® We begin by treating the axion field as homogeneous since this case is the simplest possible

The axion field is treat as a classical
oscillatory background:
@(t) = ¢pocos(wyt), where wy = my

In general such configuration is unstable to collapse
from gravity and attractive self-interactions:
Homogeneous Condensate = Clump Condensate

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

® (Clearly, the equation of motion for A, decouple in k-space. Then, expressing Ay, in function
of vectors for circular polarizations and modes functions s (t) we have

A, + k24, — Gaywodolk XA =0 — 3 + [k%—gaywodg sin(wet)]s, =0

\ }
|

W} () = Wh(t + 21/ wy)
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HOMOGENEOUS CONDENSATES 11
Small Amplitude Analysis

® In the parameter space of Mathieu equation (ME) there is a band structure of unstable (resonant)
and stable regions: (Mclachlan, 1947)

s (t) = Pi(t)etrt + Pp(—t)e MKt } If the Floquet exponent, ;. , has a

GENERAL SOLUTION real part, the resonance occurs

® At small amplitude of weak coupling limit of (k/wq) > (gay$0/2), we have a spectrum of narrow
bands equally spaced at (k/wq)?=~ (n/2)? for n a positive integer.

The band width and Floguet exponent
® Expand the solution for each circularized polarization as: magnitude decreases as n increases

Sl e i

Plug into ME and focus on lowest A 5 B
frequencies (w = twq/2) . | k2 — a0 i
Slowing varyin d ez L 4 2 Jwor2
g varying SR st s :
dt f—wo/z Wo b 5  Wo f—wo/z
—lE —k* + T
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HOMOGENEOUS CONDENSATES
Small Amplitude Analysis Numerical Analysis

Positive eigenvalues previous matrix

® The growth rate isx uk\%:

® For R(ug) > 0 : Exponentially growing solutions

Jayk*&§ e (kz _T>

4

N -

W

(First instability band)
® For R(ug) = 0 : Instability band edges

4

s 0
kl/redge R 4 iy 16

k*

) J 1+ g2,¢2/2 ~ my)2

gczlyw(2)¢(2) T gayw0¢0

4

Center of the band

Maximum Floguet Exponent

Uy =

_ gaym¢¢0
4

12

(Standard Floquet Method)

Floquet Exponent i [my]

1.0

08 !

G 0.15
$0.6/ |

o) ﬁ 0.10
T

2 0.4}

o - 0.05
g

0.2} ;
0.0

00 02 04 06 08 1.0 12
Wavenumber k [my]

Contour plot of the real part of Floquet exponent py, describing parametric resonance of

phutons from a homogeneous condensate, as a function of wavenumber k and physical amplitude

@p. We plot ¢g in units of f, and k& & p; in units of mg. We have set go, = 0.4/ f, to illustrate the

behavior, although in conventional QCD axions g,, = O(1072)/f, which would give
narrower resonance bands.

(Hertzberg and Schiappacasse, 1805.00430)
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SPHERICALLY SYMMETRIC CLUMP CONDENSATES 13

Vector Spherical Decomposition

® Since ¢ = ¢(r,t), the usual 3-dimensional Fourier transform of the equation of motion for the vector
potential is not the best way to proceed.

® \We prefer performing a vector spherical harmonic decomposition of 4:

i d3k ).
Ao, = [ 555 D80 um Gy OMi (e, %) = B (e, ON i ()]
Ilm

® Again neglecting gradients of the axion field,

Here My,,,, N;,,, are vector spherical harmonics,
iji(kr) A OV, o
BITES 42 dy70= Ji@+1) Lsin 6 Yim __m ] e
VXMlm: lkNlm VXNlm—llem

A—V2A+ g,V x[(0:0)A] = 0

4
Z[(vlm + k? Uim — lkgayat¢wlm)Mlm(k N+ (Wlm + k? Wim + lkgayat¢vlm)Nlm(k x)]

(27T)3

It can be solved numerically, but for any
arbitrary sum over {/,m}is quite complicated
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SPHERICALLY SYMMETRIC CLUMP CONDENSATES 14

Vector Spherical Decomposition

® We focus onthe {{l = 1, m = 0} channel for simplicity and leave a complete analysis for future work.

® We write out the individual vector components (f, é,(ﬁ) . Since the Coulomb Gauge reduces the system
to only two independents equations (V -A = 0), we focus only on (7, ¢) components.

® For the radial component, use ¢ = ®(r)cos(wyt) and orthogonality properties of Spherical Bessel
functions to obtain

e ————
- -
- -~

-
S T
L - —— -

The spherically symmetry of the axion field means that we can
represent ®(7) by a 1-d (real) Fourier transform ®, 4 (k)
00) = [ % cos(ir)ra( i
r) = | =—cos(kr +Ri? [~ ~
27 1d o |D1q(k — k") — D14 (k/A+ K]
The 1d Fourier transform is dominated by k = 0. For example for mey /
The resonance occurs when k ~ k' = T the second

~ 7 3N kR =~
sech ansatz ®4(k) = w/,T_RSECh (T) we have k~1/R <« my term is exponential suppressed for R > 1/my
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SPHERICALLY SYMMETRIC CLUMP CONDENSATES 15

Vector Spherical Decomposition

® Asimilar procedure can be applied for the other angular component equation, to obtain

dk’ ~

Wio(k, t) + k*wyg(k, t) — igqywok sin(wgt) j%vw(k’; P14k — k')=0
dk’ ~

U10(k, t) + k?v19(k, t) + iggywok sin(wyt) fEWm(k’: P14k —k')=0

® A self-consistent resonant solution is just given by wyo(k,t) = +ivy9(k,t) , which reduces the
system to a single scalar differential equation

® We compute the resonance structure numerically using Floquet theory :
In the homogeneous case, there always (1) We determine the maximum Floguet exponent u*
exists a non-zero maximum Floquet (2) We use various choices of g,, and parameters of axion clump (R and N)
exponent Uy = ggyMepPo/4 (3) We operate in the sech approximation on the stable branch:

P(r,t) = O(r) cos(wyt) = \/mqu‘{’(r)cos(wot) with wg = mg + p = my
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SPHERICALLY SYMMETRIC CLUMP CONDENSATES 16

Numerical Results (Hertzberg and Schiappacasse, 1805.00430 )

The real part of " becomes zero
below a critical g,,, or critical N.

For the QCD axions, when N = N,,, ;.

and y = 0.3, parametric resonance

happens for gy > Gay,min = Be \with

fa
B. = 0.3

In conventional QCD axion models,
PO L0
QAR
could be possible in unconventional
axions models or for couplings to
hidden sector photons

(Daido, Takahashi and N. Yokozaki 2018)

. So, the resonance

Attractive Self-Interactions A< 0
4 - - - . — - 8

Attractive Self-Interactions A <0

— N = g [

V=8 ‘. Jay = 0.8 ;‘

3 V=92 / Gay =1
— N\ 2 ."Vm(zm 6 DI, §aV =15 |

N
N

—_
T

Max Floquet exponent u* [my 6'?]
N

Max Floquet exponent u* [mg 6]

O oo oo060-60-¢

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1
Axion-Photon Coupling ga, [y"?/f,] Number N [l4|~'67"2]

o

The maximum real part of Floquet exponent u*, describing parametric resonance of photons from a spherically symmetric clump

condensate, as a function of axion-photon coupling gqy . (Left) We plot u* in units of m¢\/g, Jay in units of ‘j/r—?, and N = N/(|]A|V9).
a

(Right) We plot u* in units of myVé and N in units of || 716 ~/2. Here §ay = Gayfa/7-

e JayMmeP 1 imati
Resonance Condition : 1 ~ ay 4¢ o Ve = Furthermore, excellent aeproxmatlon tc: the growth rate from a
- . JHH T Hesc Uy = Hesc
Hertberg (2010); Kawasaki and Yamada (2014) Iogalizecic UinpaNI: & { 0, Uy < Uesc
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CLUMP CONDENSATES WITH ANGULAR MOMENTUM

Approximate Treatment of Clump Resonance

® For an approximate treatment of clump resonance, we use the condition for resonance u;; > [ps.,which was
established for spherically symmetric clumps.

® The radial profile is now peaked around R, = VIR, but the full width

® Since uy= gaymedo/4, we need to determine the
in the radial direction is still w,,~2R:

maximum field amplitude:

SOV, B T S R e & 5 N —(r-R,)*/R? -
$o = i ‘ Yy ﬁm|ylm|o Y Edtor \/(2ﬂ)3/2lR3 e~(r=fp) SN,

md) \ e LT S e
l ® The angular dependence is non-trivial. For [ = |m|, the real field ¢ is
\/Ell/él- :
VAT Yo = Wfor high [m| =1

D0t = /mid) VAT Yl oW (r) (— sin Q)ZCOS(CUOt + lp),

)
min

Nmax . 1 )
T fi with f; ~ Z for high |m| =1

Ji 1/4 J3 and the full width in the polar direction is wg~A6R, /T~2R where
 ~ 5.8VI(Inl JavMe VO -
K (Ind) Yay™Me AB = 2cos™ (e L 2). Then, we take as pps-~1/2R

1
Uesc = 3.5(ln l)Zm(p\/E (for high [m| =1 and N = Ny and Gay=gay fa/\Y)
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CLUMP CONDENSATES WITH ANGULAR MOMENTUM Attractive Self-Interactions A <0 18
Numerical Results £ ol
Attractive Self-Interactions A <0 >
4 . . : . >
— gay = 0.1 i u = Max(Uy — Uese, 0) 2 0.4f °
5 gay = 0.15 " £ .
- o o
= =l gay = 0.55 " S 0.3} o
£ - 3 .
-k:l .-. o o
= The minimum  axion-photon 2 02} ®
E L] 3 3 . (@) - ..
o o coupling ggythat is necessary in & %o
o 2t _.' I order to have resonance from a n,' "Oo.. .
=3 Jn clump condensate as a function g 0.1 ““u.uunu...““
g o of its angular momentum |m| = <>':_< coeeeq
=) . [. We plot in units of & We take c
8‘ 1 L .- 1 fa 2 0 0 i
TH . .o.‘ N = Npayx- B 2 . 1 "
x . ..o‘ 0 10 20 30 40 50
] ]
= o ...°' Angular Momentum |m| =1/
0 [OOSR O000000000CRORRORROROS b (Hertzberg and Schlappacasse’ 1805_00430 )
0 10 20 30 40 50
Angular Momentum |m| =/ By taking ¥ = 0.3 and N = N, for high angular momentum the minimum
axion-photon coupling is just 9., > Gay,min = % with . = 0.3
The maximum real part of Floquet exponent u*, describing parametric :

resonance of photons from a clump condensate as a function of its

angular momentum |m| = [. We plot u* in units of m¢\/§. This is for

For the QCD axion = 0(1072 we need rather large
attractive self-interactions with N = Ny, Here ggy = ga—\/y?ﬁl. Q | Yay ( fl ){fa' = 0(103) &
angular momentum of |m| =1 =
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GENERAL RELATIVISTIC BOSON STARS .

® Here we analyze ground state configuration of boson stars with generic self-interaction with a full
general relativistic treatment.

® Stability properties of boson stars have been studied extensively in the literature.
(Lee and Pang, 1989; Seidel and Suen, 1990 ; Schunk and Torres, 2000; Lai, 2004; Croon, Fan, and Sun, 2018)

Mini-Boson Stars: M,,,q5 = 0.633 mp? /Mg, Cpygx = 0.08
Quartic Self-interaction: M5, = 0.22 AY?mp? /Mg, Cpygy(A = ©) = 0.16

® We are mainly interesting in two potentials with generic self-interactions (®(r, t) = ¢(r)e'??)

mcD2¢4 + m¢2¢6L mcDZ(pS
2f2 6f4 24f6

|2 )
o 2 2( 2 Lo 2 4.2
Uileuoni il alty 2 el ol s sl g e (ciek: by

®|2 m 2¢4 m 2¢6 m 2¢8
ULog = f?me°log (l l/f2+1) = ULog =me’¢* — ;sz a5 g)fzr = :)f6 i
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— Wior ULur;tf=}l4P; | 0.06F . = M—Nlm.,, for ULDQ(I’=M,ID] ]
0.6 - I ]
=== N for Uieglf=Mp)
% [
E os5¢ = 0-04»
g %
E b
2 L
=~ 04 o 0.02r
hs ] E L
£ z
& 1
£ = -
= 0.3 0.00r
= L
02 -I P S N SRR N T I S S R S _002 L 1 I 1 .
0.0 0.5 1.0 15 20 0.2 0.3 04 0.5 0.6
9o (M) N (me*/my?)

B Analysis of the ground state configurations for boson stars with a logarith-
mic potential U, where - f = Mp. The mass M and number of
particles N of the boson star are shown as functions of the central value of the scalar
field @, (left panel) and the corresponding bifurcation diagram (right panel). M, N,

0 ) ’ )
. 2, 2/, 2
and ¢ are shown in units of my, /ma, my, /mg, and My, respectively.

(Choi, He and Schiappacasse, 1906.02094 )

Possible Dectection: Chime is a novel transit radio telescope operating across
the 400-800-MHz band. Wide bandwidth, high sensitivity, and a powerful
correlator makes CHIME an excellent instrument for the detection of Fast Radio
Bursts (FRBs). [CHIME/FRB Collaboration (1803.11235)]

20

T
0. 6‘ — ULiowile(f=Mp) ]
i~ 0.5F
£ ]
£ 04}
= I
0.3}
02 :-, L 1 L 1
0.0 0.5 1.0 15 2.0
¢o (Mp)
[ —— ULiowille(f=Mp) ]
0.25 C ]
L — ULiowite(f=1/420 Mp) -
020' ULiouvite (f=1/40 Mp) -
< 015} f
s | ]
0.10f ]
0.05} ]
0.00} . . . . ]
0 5 10 15 20 25

r(1/mg)
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0.18} o
A —— e---"""" ]
L - L )

4 Iy [ ] PSS N (SR -

0.14f e e W :
[ ,". e TEELEE =" *
i ’ e &7

012: ‘.' ‘.—"‘ _

0.10f .* {
[ ;" """ ULiouville .

0_08 :. L Il _.
i Uguartic 1

co6p ... Uiog
0 20 40 60 80 100

, ~2
Coupling 1/f
Effective maximum compactness Cpqy = 0.91_1\/101\, as a
99

function of 1/f2 (in units of 1/MP2) for Liouville and

Logarithmic potential. We have also added the usual case for a
repulsive quartic self-interaction (green dashed curve). The
black dashed curve corresponds to the asymptotic value of the
maximum compactness when the coupling strength goes to
infinity for the Ugyartic-

(Choi, He and Schiappacasse, 1906.02094 )
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Projected parameter space of the
boson star models which can be
probed by detecting the lensed fast
radio burst (FRBs). Here &pp,is the dark
matter fraction coming from boson
stars. We assume &pp=0.01. In each
plot, the upper part of the red
horizontal lines can be probed by the
FRBs with the corresponding time
delays At. For each given coupling
strength parameter A, the blue and
magenta line show the relation
between the scalar particle mass and
the maximum mass of the boson star.

Scalar particle mass range derived from the mass constraint on the MACHO and
the cold dark matter isocurvature modes constraint from the CMB.

010719 eVv<mg < 0(1073) eV for &py,=0.01.
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OUTLOOK e

® In this work we have explored a possible novel consequence of the axion model, in which gravitationally axion
bound clumps can form and undergo parametric resonance into electromagnetic radiation.

® For conventional values of axion-photon coupling, BEC (ground state) of axion dark matter can not undergo
parametric resonance.

® For BEC axion dark matter with sufficiently large angular momentum, atypically large axion-photon coupling
Jay = 1/fq, and for couplings to hidden sector, parametric resonance can occur.

® It would be interesting to further explore possible theoretical realizations of these more general possibilities as
well as to explore possible hints of the idea of a clump mass pile-up.

® We have also explored generic scalar dark matter. In particular, we studied general relativistic boson stars with
generic self-interactions: Liouville and Logarithmic scalar potential.

® Boson stars with both non-trivial scalar potentials are able to have stable ground state configurations.

® Since the Liouville potential can be seen as an infinite series of repulsive self-interacting terms after its Taylor
expansion, boson stars under this scalar potential show a greater compactness in comparison to that of boson
stars with either a Logarithmic potential or a repulsive quartic self-interacting term.

® Lensing of FRBs can be a plausible method of detection of these boson stars constraining their parameter
space.
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FURTHER DISCUSSIONS ABOUT AXION STARS 24

Effective Photon Mass

® In the not-quite-empty space of the interstellar medium, photons acquire an effective mass equal to the
plasma frequency as

4Tan n it
wf = f=——= (6.4 x 107 1%eV)?
Me 0.03cm

= ConsiderinF the spatial distribution of n, and the fact that axion clump condensates are moving in the
galactic halo: w,(t) = w,f(t), where fft) is a non-periodic time dependent function of orden 1.

® The modified equation for the mode function of the vector potential for the homogeneous case is

§; + [k +wj(t) — gaywokdo sin(wet)]s, =0

® Taking k = (my/2) and using as reference the amplitude ¢ evaluated for the case of a sech ansatz, we

have
w3 1035
D A3 o So, we expect that the effect of the
(Gaywokdo) (42)10—19 effective photon mass in the
o resonance should be negligible
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Astrophysical Consequences

- Attractive Self-Interactions A <0 S Suppose Gay > Gaymin- The photon occupancy number yviII
' increase from 0 to a large value, then the final output is a
essentially classical electromagnetic waves.
<
o 1.0}
Ig ® After clumps formation, clumps with sufficiently large mass
x will undergo parametric resonance into photons.
@ 0.5 \ 1
3 ~
o
> ® If N> N, the clump will radiate into photons, losing mass
0.0 , , _ , , ' until M -> M, = N.mg : PILE-UP AT A UNIQUE VALUE OF
0 2 4 6 8 10 12 CLUMPS.

Number N 4|67

Clump radius R as a function of clump number N for spherically

symmetric clumps with attractive self-interactions. We have taken the
axion-photon coupling to be g4, = g‘f/y?f“ = 2 here. For any clumps on

the stable branch with number N > N, they will resonantly produce
photons, lose mass, and pile-up at the critical value N, = 3.7/(|A|V§).

(Hertzberg and Schiappacasse, 1805.00430 )
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Electromagnetic Emission in the Sky

We can imagine a scenario in which the process of resonance is still occurring. Consider a pair
of clump condensates, each with number N; and N, (N;y < N. and N, < N,).

Suppose that these clumps merge together in the late universe. If Nyy¢qr = N; + N, > N,
then the resonance will suddenly begin to occur, driving the total towards Ny, ¢q1 — Ne.

So, we expect a sudden emission of electromagnetic radiation in the galaxy:

A ﬂ/k* = 471/ me

AEMN 10_1m

The typical mass of a clump is the order of ~10™ 11M , which is comparable to the moon’s
mass. If the merger took place, an amount of energy comparable to Mc? equivalent to Moon’s
mass would be emitted to the galaxy.
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Estimate Growth time-scale e

® Suppose gay > Gay,min- This will lead to an exponential growth in the electromagnetic field.

® The photon occupancy number will increase from 0 to a very large value, then the final output
is essentially classical electromagnetic waves.

We can estimate a lower bound on the time-scale for this growth by taking u*~uy. Let us
consider the true BEC ground states. Since the condition for resonance is given by g4, f, > 0.3,
we have

,u*~15gayfam¢\/5 = Smd,\/g

For typical values of QCD axion, we have T = 1/u* < 0(10™*sec)
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Repulsive Self-Interactions (Non-relativistic Regime) -

Repulsive Self-Interactions A>0

1.5 ® For repulsive interactions we have only A > 0 there is only 1 branch of
solution. This branch is stable and there is no a maximum number of
& particles.
o 1.0f
I'G-
S
t 0.5l (Hertzberg and Schiappacasse, 1805.00430 )
2 . |
i'a i Repulsive Self-Interactions A >0 Repulsive Self-Interactions A >0
; g : 3.0 : . .
0.0 _ _ _ é—- — \:: 10 ‘;,v - T
0 5 10 15 20 ° Irwz0 © 251  —— Gay =08
g 3 — N = 40 & -
Number N [A-16712] = S Gay =1
=Y < 2.0}
= =
Qo Q
5 2| € 15
o 3
The maximum real part of Floquet exponent u*, > 3
describing parametric resonance of photons from a § @ 1.0}
spherically symmetric clump condensate, as a g 1; o
function of axion-photon coupling ggq,,. (Left) We E U_c_: 05
plot u* in units of md,\/g, Jay in units of \/ﬁ—_:, and ‘2“ é
N = N/(|A|V/8). (Right) We plot u* in units of ! SEASRAdE: : , _ _ 0.0 fevevvevevevee y , ]
meV8 and N in units of |A|7167%/2. Here g,y = 00 02 04 08 ©B 10 12 14 0 5 10 15 20
Jayfa/\Y- Axion-Photon Coupling gay, [y"?/f.] Number N [4167"2]
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