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• GW era!  
- What can we see?


• “seeing” = extracting encoded information. 
GW waveform evolution — chirping — is a key property. 


• What “Dark Matter” info can be encoded & extracted?
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• LIGO (+ Mid-band) do provide precision capabilities for  
DM-frontier studies with chirping GW: 

• 1. LIGO alone (10-1000Hz) :  “GW Fringe” 

• 2. LIGO + mid-band (0.01-1000Hz) synergies : 
 “The highest frequency-band with year-long binary lifetime”

Takehome messages
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LIGO can see compact DM: 
                       (Primordial BH, Dark stars/clusters/solitons) 
 
    “GW (lensing) Fringe” 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1712.01396 PRL (2019), S.Jung et al.



• Multiple images (with <arcsec separation) or Einstein ring.

Strong lensing of light
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Micro lensing of light

• Time-variation of brightness over a few days to weeks.
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Weak lensing of light

• Complicated statistical analysis of multiply and weakly 
lensed lights.
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GW lensing observation seems very unlikely at 
LIGO! 

LIGO can see only with
(1) angular resolution > 1 deg (let alone arcsec)
(2) measurement time < 1 sec ~ 1min (let alone days)



GW vs. light

• GW chirps.  
- It provides non-trivial specific change of lensing 
pattern, which is extremely useful in lensing detection.

• GW angular resolution is much worse. 
- It actually turns out to provide a new observable! 

• (GW wavelength is typically much longer.)
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Even though they follow the same null geodesics,,,

DM at LIGO and beyond



Time-delayed images
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Consider time-delayed lensed images of GW.

Compact Dark Matter 
(primordial BH, dark star)

GW source

Observer

DM at LIGO and beyond

�td ⇠ 4GMDM = sec



Interfered images
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Unresolved GW images rather “interfere” in our 
observation.

�� = f�td

DM at LIGO and beyond



GW lensing Fringe
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It is the GW chirping that makes the interference observable 
— sweeping the interference pattern over a range of freq.

�� = f(t)�td

DM at LIGO and beyond



“GW Fringe”
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�� = f�td

NS-NS merger lensed by 100 Msun compact DM.

DM at LIGO and beyond

time[sec]0.1 sec



“GW Fringe”
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�� = f�td

NS-NS merger lensed by 100 Msun compact DM.

DM at LIGO and beyond

time[sec]0.1 sec



Compact DM fraction
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95% Poisson prob of >=1 detection

1712.01396 PRL (2019), S.Jung et al.



LIGO is an ideal 
DM Fringe detector

• GW Fringe is most pronounced at LIGO:

• Highest frequency, producing most # of fringes.

• Chirping most quickly near merger. 

• Highest-frequency GW can see the smallest 
compact DM. 
     (10-1000 Hz  =  102-104 Msun Schw radius)
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GW Fringe from Cosmic string
• A new way to see “cosmic strings”
• GW Fringe from the interference btwn three rays:  

   2 geometric rays + 1 diffracted ray
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Cosmic String = 1-dim energy locus

DM at LIGO and beyond



GW Fringe from Cosmic string
• A new way to see “cosmic strings”
• GW Fringe from the interference btwn three rays:  

   2 geometric rays + 1 diffracted ray
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Figs. from Nunez et al. 2017

Cosmic String = 1-dim energy locus

DM at LIGO and beyond
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1810.04172 w/ TaeHun Kim

w: typical time-delay

y: how close GW  
passes by a string

DM at LIGO and beyond

GW Fringe from Cosmic string
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1810.04172 w/ TaeHun Kim

w: typical time-delay

y: how close GW  
passes by a string

DM at LIGO and beyond

GW Fringe from Cosmic string

Fringe width = time-delay = DM mass

Peak-dip heights =  
  Two image relative mag



Detection prospects
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1810.04172 w/ TaeHun Kim
DM at LIGO and beyond

energy density of string



Detection prospects
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1810.04172 w/ TaeHun Kim
DM at LIGO and beyond

Why is heavier string harder to probe at LIGO?



Detection prospects
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1810.04172 w/ TaeHun Kim
DM at LIGO and beyond

“LIGO + mid-band” allows longer measurements

for critical Fringe resolutions.



Mid-frequency band
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Is mid-frequency just an interpolation btwn LIGO and LISA?
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Mid-frequency band
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No!  Forming a highest-frequency band with year-long 
measurement,,,
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• Unique & precision test-bed for dark matter: 

• 1. Various Dark matter effects are most pronounced here! 
 

• 2. GW Localization on the sky is most naturally well done 
here too!
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Synergy of LIGO + Mid-band

DM at LIGO and beyond

[PRD (2018) with Peter W. Graham]

[PRD (2019) with Han Gil Choi, 
1810.04172 with TaeHun Kim]



DM wave
• Lightest possible spin-0 DM 10^-22 eV.   (cf. m(electron)=0.5 MeV) 

• Although light, their effects are astronomically enhanced 
and time-oscillating. 
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~ 1 yr for 10^-22 eV,   1 min  for 10^-16 eV
1

m�
=

~
m�c
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Compton frequency
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DM wave
• Lightest possible spin-0 DM 10^-22 eV.   (cf. m(electron)=0.5 MeV) 

• Although light, their effects are astronomically enhanced 
and time-oscillating. 
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Second DM quanta with “same Compton frequency” 

but with “different phase” is added.

+

�(t) / cosm�t
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DM wave
• Lightest possible spin-0 DM 10^-22 eV.   (cf. m(electron)=0.5 MeV) 

• Although light, their effects are astronomically enhanced 
and time-oscillating. 
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Adding N DM quanta is a “N-random walk”.       

DM wave (density) is collectively enhanced to astronomical size  
and oscillating in time!



DM wave
• Lightest possible spin-0 DM 10^-22 eV.   (cf. m(electron)=0.5 MeV) 

• Although light, their effects are astronomically enhanced 
and time-oscillating.

• GW is again an exciting lab to probe them. 
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Neutron mass-shift
• If such scalar DM interacts with the neutron,  

the neutron-star mass shifts and oscillates in time.  

~ 1 yr for 10^-22 eV,   1 min  for 10^-16 eV
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Gravity inherently sensitive to 
mass-shift
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GW exquisite sensitivity to 
mass-shift

• GW evolution is governed by the binary masses.  
 

→ A tiny phase-shift due to mass-shift in each GW cycle 
accumulates over millions of GW cycles!
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GW exquisite sensitivity to 
mass-shift

• GW evolution is governed by the binary masses.  
 

→ A tiny phase-shift due to mass-shift in each GW cycle 
accumulates over millions of GW cycles!
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Ncyc ~ 10^7 huge enhancement   
(for last 1-year measurement of NS-NS merger)
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GW exquisite sensitivity to 
mass-shift

• GW evolution is governed by the binary masses.  
 

→ A tiny phase-shift due to mass-shift in each GW cycle 
accumulates over millions of GW cycles!
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c.f.) �DL/DL ⇠ SNR ⇠ 10�2
<latexit sha1_base64="IuwbTkj4h/X6LvTH9kQ1/duUqX4=">AAACIXicbVDLSgMxFM3UV62vUZdugkVwoXWmCHYlBbtwIVIffUCnDpk004YmM0OSEcowv+LGX3HjQpHuxJ8xfSxq64HkHs65l+QeL2JUKsv6NjJLyyura9n13Mbm1vaOubtXl2EsMKnhkIWi6SFJGA1ITVHFSDMSBHGPkYbXvxr5jWciJA2DRzWISJujbkB9ipHSkmuWnAphCsGKewPPxrdzAh1J+agmjuDw4fY+nRVt6yk5LaaumbcK1hhwkdhTkgdTVF1z6HRCHHMSKMyQlC3bilQ7QUJRzEiac2JJIoT7qEtamgaIE9lOxhum8EgrHeiHQp9AwbE6O5EgLuWAe7qTI9WT895I/M9rxcovtRMaRLEiAZ485McMqhCO4oIdKghWbKAJwoLqv0LcQwJhpUPN6RDs+ZUXSb1YsK2CfXeeL19O48iCA3AIjoENLkAZXIMqqAEMXsAb+ACfxqvxbnwZw0lrxpjO7IM/MH5+AWUxn1A=</latexit><latexit sha1_base64="IuwbTkj4h/X6LvTH9kQ1/duUqX4=">AAACIXicbVDLSgMxFM3UV62vUZdugkVwoXWmCHYlBbtwIVIffUCnDpk004YmM0OSEcowv+LGX3HjQpHuxJ8xfSxq64HkHs65l+QeL2JUKsv6NjJLyyura9n13Mbm1vaOubtXl2EsMKnhkIWi6SFJGA1ITVHFSDMSBHGPkYbXvxr5jWciJA2DRzWISJujbkB9ipHSkmuWnAphCsGKewPPxrdzAh1J+agmjuDw4fY+nRVt6yk5LaaumbcK1hhwkdhTkgdTVF1z6HRCHHMSKMyQlC3bilQ7QUJRzEiac2JJIoT7qEtamgaIE9lOxhum8EgrHeiHQp9AwbE6O5EgLuWAe7qTI9WT895I/M9rxcovtRMaRLEiAZ485McMqhCO4oIdKghWbKAJwoLqv0LcQwJhpUPN6RDs+ZUXSb1YsK2CfXeeL19O48iCA3AIjoENLkAZXIMqqAEMXsAb+ACfxqvxbnwZw0lrxpjO7IM/MH5+AWUxn1A=</latexit><latexit sha1_base64="IuwbTkj4h/X6LvTH9kQ1/duUqX4=">AAACIXicbVDLSgMxFM3UV62vUZdugkVwoXWmCHYlBbtwIVIffUCnDpk004YmM0OSEcowv+LGX3HjQpHuxJ8xfSxq64HkHs65l+QeL2JUKsv6NjJLyyura9n13Mbm1vaOubtXl2EsMKnhkIWi6SFJGA1ITVHFSDMSBHGPkYbXvxr5jWciJA2DRzWISJujbkB9ipHSkmuWnAphCsGKewPPxrdzAh1J+agmjuDw4fY+nRVt6yk5LaaumbcK1hhwkdhTkgdTVF1z6HRCHHMSKMyQlC3bilQ7QUJRzEiac2JJIoT7qEtamgaIE9lOxhum8EgrHeiHQp9AwbE6O5EgLuWAe7qTI9WT895I/M9rxcovtRMaRLEiAZ485McMqhCO4oIdKghWbKAJwoLqv0LcQwJhpUPN6RDs+ZUXSb1YsK2CfXeeL19O48iCA3AIjoENLkAZXIMqqAEMXsAb+ACfxqvxbnwZw0lrxpjO7IM/MH5+AWUxn1A=</latexit><latexit sha1_base64="IuwbTkj4h/X6LvTH9kQ1/duUqX4=">AAACIXicbVDLSgMxFM3UV62vUZdugkVwoXWmCHYlBbtwIVIffUCnDpk004YmM0OSEcowv+LGX3HjQpHuxJ8xfSxq64HkHs65l+QeL2JUKsv6NjJLyyura9n13Mbm1vaOubtXl2EsMKnhkIWi6SFJGA1ITVHFSDMSBHGPkYbXvxr5jWciJA2DRzWISJujbkB9ipHSkmuWnAphCsGKewPPxrdzAh1J+agmjuDw4fY+nRVt6yk5LaaumbcK1hhwkdhTkgdTVF1z6HRCHHMSKMyQlC3bilQ7QUJRzEiac2JJIoT7qEtamgaIE9lOxhum8EgrHeiHQp9AwbE6O5EgLuWAe7qTI9WT895I/M9rxcovtRMaRLEiAZ485McMqhCO4oIdKghWbKAJwoLqv0LcQwJhpUPN6RDs+ZUXSb1YsK2CfXeeL19O48iCA3AIjoENLkAZXIMqqAEMXsAb+ACfxqvxbnwZw0lrxpjO7IM/MH5+AWUxn1A=</latexit>

• Ncyc is max for highest-freq long-time measurement.
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How to localize at LIGO/LISA

• “Triangulation” :  time difference  (LIGO, LISA)

• “Reorientation” :  directional dependence  (LISA)

 40 Sunghoon Jung (SNU)DM at LIGO and beyond



But let’s consider a much simpler 
possibility:

 
One single-baseline detector  

 
on the Earth orbit (T=7.8hrs) 

measuring from the mid- to LIGO-band.

 41 Sunghoon Jung (SNU)

Benchmark for single-baseline detector: atom interferometer

DM at LIGO and beyond



Angular localization

 42 Sunghoon Jung (SNU)

• The single-baseline “Reorients” hourly and monthly.  
 

• “Doppler” shift :  huge phase-lag across the Sun. 
Most significant at mid-band.

DM at LIGO and beyond



• The single-baseline “Reorients” hourly and monthly. 
 

• “Doppler” shift :  huge phase-lag across the Sun. 
Most significant at mid-band.

Angular localization
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is largest for highest frequency 
that lasts for 0.5~1 year



GW150914 in the mid-band
GW150914 (36-29 Ms) spends 9.6 months in the mid-band.
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PRD(2018) SJ, P.W.Graham
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Doppler is naturally largest

Sunghoon Jung (SNU)

GW150914

is largest for highest frequency 
that lasts for 6 months

too low
frequency

too short
lifetime

10yr
1yr

1week
1hr

DM at LIGO and beyond



• GW is a powerful probe of Dark Universe. 

• "GW Fringe” 

• "LIGO + mid-band" synergies:  
for probing cosmic strings and axion-like DM waves, 
as well as localization. 

Summary
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