Femtolensing
and Axion Miniclusters

Weil Xue

Cw
\

NS

May 15, 2018

with A. Katz, S. Sibiryakov, J. Kopp



Dark Matter Window

Particle MACHO

(WIMP)  (PBH)

peV TeV Mo



Limits on Dark Matter from Direct Detection
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Dark Matter Search Today
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Limits on Dark Matter from Direct Detection
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Primordial Black Hole Abundance
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Primordial Black Hole Abundance
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Primordial Black Hole Abundance
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What is Lensing?
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Lensing Equation
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Einstein Radius rg
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Femtolensing (unresolved images)

0 ~ femto-arcsec
r+ ~ 0 x Gpc ~ 100 km
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Time Delay t = tgeom + tgrav
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Interference A¢ =E ot

Ot ~MeV1 - keV1
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Primordial Black Hole Abundance

LN

5F ~ keV-1 rg ~ 100 kit eeeeeeep M ~ 10715 M,

13



Primordial Black Hole Abundance
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Primordial Black Hole Abundance
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Minihalos and femtolensing?

* does femtolensing work for minihalos”
* is it the similar as PBH?

* Lens
* how the (axion) minihalos forms?
* what is the minihalo density profile”

 What is the typical image radius, time delay?
o > IE

e Sources

e How do we detect it?
14



Axion Minihalos
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QCD axion minihalos T<fo~ 102 GeV

* PQ symmetry breaking after inflation
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QCD axion minihalos T ~ GeV

e axion mass induced by QCD instantons
Pa ~ A4QCD 02
e O(1) density fluctuation

6Pa/Pa~1

* tiny density fluctuation (radiation dominant universe)

6Pa /PTotal «1
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QCD axion minihalos T~ oV

e matter-radiation equality, density fluctuations
6Pa /PTotal ~1

e axion minihalos form by gravity

* typical mass and size

’
ro~10°m, M~10"2Mo  J<§
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Minihalos and Femtolensing
Lens

7 AN




Minihalo Density Protiles

* free-falling profile

pss = po (ro/r)""

e |sothermal profile

2
Piso — PO (TO/T)

 NFW profile
Lo

W o) (14 1/70)°
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. G
Point Mass or not” rE=\/4CQAM3§£LS

* pblack hole ro « rg
point mass

A

* free-talling, isothermal, NFW profile ro < re
point mass

* free-talling, isothermal, NFW profile ro > re
solve the lensing equation

A
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Image posItions rp > rc

&o length scale in the lens plane

a7 image positions in the lens plane
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Image posItions rp > 7c

&o length scale in the lens plane

a7 image positions in the lens plane

3.5

3.0F

2.0}

2.0

1.5}

1.0

0.5}

0.0

|
=
Ut

I
—
=

——  Point Masses [{y = 7]

— Isothermal [§y ~ (r5/7T0)TE]

-

- m = B
-----------
- - m = -
- R
-m o=

-

0 0.2 0.4 0.6 0.8 1.0 1.2
xg source positions in the lens plane

23



Image posItions rp > 7c

&o length scale in the lens plane

a7 image positions in the lens plane
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Magnitication Ratio

&o length scale in the lens plane
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Time Delay
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summary

Density
Point Mass S
isothermal po(ro [ 1 )?
free-falling  po(ro [ r )7

general po(ro [ 7 )"

image radius
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Minihalos and Femtolensing
SOUrces



Fermi GBM GRBs 1n first six years of operation
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Rate (count / s)

GRB090424

* Redshift measured ( 70 GRB observed)
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GRB090424

Rate (count / E)

* First10 s

* pbackground subtraction
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GRB090424
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GRB090424
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GRB090424
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GRB090424
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Optical Depth
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Constraints (free-falling profile) &~ (re/ro) re

Preliminary Result
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Constraints (free-falling profile) &~ (re/ro) re

Preliminary Result
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Constraints (free-falling profile) &~ (re/ro) re

Preliminary Result

Eo smaller
Ot smaller

)

-
L 4
L 4
L 4
-
L 4
l 4
l 4
o L 4
L

"
-
-®
-

—"/ 'YE_

/ Y0~

similar to PBH

4 - n n | n n | . — . n P | n n P | n n | n n —
1010-18 10—17 10-16 10—15 10—14 10-13 10-12 10—11 10-10
Mpjs [solar mass]

34



Constraints (free-falling profile) &~ (re/ro) re

Preliminary Result
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Constraints (free-falling profile) &~ (re/ro) re

Preliminary Result
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Wave Optics
VS
Geometric Optics



Not always two images

* Full lensing equation

E / d*x exp [iEAt]
* saddle point approximation = geometric optics

O=p-a
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PBH

y= 0.1 \

2| |

v ,
E

5 1 |

£ ,

< !

05/ ' |

o2L.

0.01 0.10 1 10 100

Eng [Dimensionless]

37

|Amplitude|

0.8}

14|
121

1.0}

| |

0.01 0.10 1 10 100

Eng [Dimensionless]



free-talling profile
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sSummary

femtolensing (unresolved)
and PBH

axion minihalos
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Magnification

&o length scale in the lens plane

102 ;
' = Point Masses
= [gothermal

= Free-falling

—_
-)
—_

...
o
L]
L]

| ;| magnification
—
2

.. 1
..

.. 1

ol

1071} N
[ ‘ .
[ )}
\
| |
|
1
102 ' ' ' ' L
0.0 0.2 0.4 0.6 0.8 1.0 1.2

xg source positions in the lens plane

‘Al -+ AQ‘Q x 1+ O(l)COS(A¢) A(P = FE 0t

40



The Gamma Ray Burst Monitor (GBM)

* 12 low-energy Nal
crystal scintillators

* 2 high-energy BGS

* energy 8 keV - 40 MeV

vF, (erglcm?/s)

10.? 1
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GRB090424
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Optical Depth
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