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Low/hard state of black hole binaries

Fast variability is a key.

NICER ID: 1200120106 (2018-03-21)

BHB MAXI J1820+070

Thin disk 
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Hot inner flow 

Truncated disk model

Jet

BH

• Nature and geometry of the hot inner flow are controversial. 
• It is difficult to constrain them with spectral fit alone.
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NICER captures disk variability

• Disk emission is highly variable. 
• RXTE (> 3 keV) would not be able to detect disk variability.

NICER enables us to incorporate  
disk variability in timing studies.

Light curves

Important diagnostic

~ 10 s

~ 1 s

Time-scale (0.5-1.5 keV        Disk)
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Timing property ① — Power spectra

• Two broad-band variability components

Disk

• Hard band has much stronger power at high frequencies.

Disk
Compton
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Timing property ② — Time lags

Hard lag at low frequencies.Lag-frequency spectrum
0.5-1.5 keV vs 2.0-10.0 keV

Time
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Soft lag at high frequencies.

Time
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Hard lags  
behind Soft

Soft lags  
behind Hard

0.5-1.5 keV vs 2.0-10.0 keV

Causal relationship between soft and hard bands switches.
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Summary of timing properties

Hard lags  
behind Soft

Soft lags  
behind Hard

1. Broad-band power with double bumps 
2. Hard lagging soft at low frequencies 
3. Soft lagging hard at high frequencies

0.5-1.5 keV  
vs  

2.0-10.0 keV

Lag-frequency spectrumPower spectra

How do we explain these timing properties?

1. Broad-band power with double bumps 
2. Hard lagging soft at low frequencies 
3. Soft lagging hard at high frequencies
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Propagation of fluctuations

BH
Thin disk

Hot flow

Fluctuations propagate

Mass accretion

Inhomogeneous
Intrinsically variable

Broad-band variability (at least in hard bands)
Hard lagging Soft at low frequencies

We are developing a model.

Slow Fast
Soft Hard

No changes

Time

Propagation

Time

modulates
Delay

(Lyubarskii 1997)
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Modelling variable flow

Our timing model uses the spectral components.

Spectral stratification

Thin disk
BHHard  

Compton
Variable disk

Soft  
Compton

Fit to NICER+NuSTAR spectra

Soft Compton
Hard Compton

Variable  
disk

Inner edge of  
the truncated disk

Hot flow

(Reflection)

(Reflection)
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Modelling propagating fluctuations

R1
R2

R3

Viscous time-scale  
stratification

BH
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Thin disk
BH

Hard ComptonVariable disk Soft Compton
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<latexit sha1_base64="szYJUqZluwGfiiV84OM6bmaQtWY=">AAACcXichVHLSgMxFD0d3/VVdaO4KRZFUcodERRXRTcubbUqWJWZMerQeTGTFmrxB/wBBVcVRMTPcOMPuOgniMsKblx4Ox0QFfWGJCcn99ycJLpnmYEkqseUtvaOzq7unnhvX//AYGJoeCtwS74h8oZruf6OrgXCMh2Rl6a0xI7nC83WLbGtF1eb+9tl4Qem62zKiif2bO3YMY9MQ5NM7RcOXVm1z6Zzc4U5OXOQSFGawkj+BG oEUohi3U3cooBDuDBQgg0BB5KxBQ0Bt12oIHjM7aHKnM/IDPcFzhBnbYmzBGdozBZ5PObVbsQ6vG7WDEK1wadY3H1WJjFJT3RHDXqke3qm919rVcMaTS8VnvWWVngHg+ejG2//qmyeJU4+VX96ljjCUujVZO9eyDRvYbT05dOLxsZybrI6Rdf0wv5rVKcHvoFTfjVusiJ3hTh/gPr9uX+Crfm0Smk1u5DKrERf0Y1xTGCa33sRGaxhHXk+18clariONZQxJalMtFKVWKQZwZdQZj8AtlaO1Q==</latexit><latexit sha1_base64="szYJUqZluwGfiiV84OM6bmaQtWY=">AAACcXichVHLSgMxFD0d3/VVdaO4KRZFUcodERRXRTcubbUqWJWZMerQeTGTFmrxB/wBBVcVRMTPcOMPuOgniMsKblx4Ox0QFfWGJCcn99ycJLpnmYEkqseUtvaOzq7unnhvX//AYGJoeCtwS74h8oZruf6OrgXCMh2Rl6a0xI7nC83WLbGtF1eb+9tl4Qem62zKiif2bO3YMY9MQ5NM7RcOXVm1z6Zzc4U5OXOQSFGawkj+BG oEUohi3U3cooBDuDBQgg0BB5KxBQ0Bt12oIHjM7aHKnM/IDPcFzhBnbYmzBGdozBZ5PObVbsQ6vG7WDEK1wadY3H1WJjFJT3RHDXqke3qm919rVcMaTS8VnvWWVngHg+ejG2//qmyeJU4+VX96ljjCUujVZO9eyDRvYbT05dOLxsZybrI6Rdf0wv5rVKcHvoFTfjVusiJ3hTh/gPr9uX+Crfm0Smk1u5DKrERf0Y1xTGCa33sRGaxhHXk+18clariONZQxJalMtFKVWKQZwZdQZj8AtlaO1Q==</latexit><latexit sha1_base64="szYJUqZluwGfiiV84OM6bmaQtWY=">AAACcXichVHLSgMxFD0d3/VVdaO4KRZFUcodERRXRTcubbUqWJWZMerQeTGTFmrxB/wBBVcVRMTPcOMPuOgniMsKblx4Ox0QFfWGJCcn99ycJLpnmYEkqseUtvaOzq7unnhvX//AYGJoeCtwS74h8oZruf6OrgXCMh2Rl6a0xI7nC83WLbGtF1eb+9tl4Qem62zKiif2bO3YMY9MQ5NM7RcOXVm1z6Zzc4U5OXOQSFGawkj+BG oEUohi3U3cooBDuDBQgg0BB5KxBQ0Bt12oIHjM7aHKnM/IDPcFzhBnbYmzBGdozBZ5PObVbsQ6vG7WDEK1wadY3H1WJjFJT3RHDXqke3qm919rVcMaTS8VnvWWVngHg+ejG2//qmyeJU4+VX96ljjCUujVZO9eyDRvYbT05dOLxsZybrI6Rdf0wv5rVKcHvoFTfjVusiJ3hTh/gPr9uX+Crfm0Smk1u5DKrERf0Y1xTGCa33sRGaxhHXk+18clariONZQxJalMtFKVWKQZwZdQZj8AtlaO1Q==</latexit><latexit sha1_base64="szYJUqZluwGfiiV84OM6bmaQtWY=">AAACcXichVHLSgMxFD0d3/VVdaO4KRZFUcodERRXRTcubbUqWJWZMerQeTGTFmrxB/wBBVcVRMTPcOMPuOgniMsKblx4Ox0QFfWGJCcn99ycJLpnmYEkqseUtvaOzq7unnhvX//AYGJoeCtwS74h8oZruf6OrgXCMh2Rl6a0xI7nC83WLbGtF1eb+9tl4Qem62zKiif2bO3YMY9MQ5NM7RcOXVm1z6Zzc4U5OXOQSFGawkj+BG oEUohi3U3cooBDuDBQgg0BB5KxBQ0Bt12oIHjM7aHKnM/IDPcFzhBnbYmzBGdozBZ5PObVbsQ6vG7WDEK1wadY3H1WJjFJT3RHDXqke3qm919rVcMaTS8VnvWWVngHg+ejG2//qmyeJU4+VX96ljjCUujVZO9eyDRvYbT05dOLxsZybrI6Rdf0wv5rVKcHvoFTfjVusiJ3hTh/gPr9uX+Crfm0Smk1u5DKrERf0Y1xTGCa33sRGaxhHXk+18clariONZQxJalMtFKVWKQZwZdQZj8AtlaO1Q==</latexit>

1

tvisc(R3)
<latexit sha1_base64="ltzzqu2uL1ctdzR32YOuo1Ba+pY="></latexit><latexit sha1_base64="ltzzqu2uL1ctdzR32YOuo1Ba+pY="></latexit><latexit sha1_base64="ltzzqu2uL1ctdzR32YOuo1Ba+pY="></latexit><latexit sha1_base64="ltzzqu2uL1ctdzR32YOuo1Ba+pY="></latexit>

1

tvisc(R2)
<latexit sha1_base64="9a5+FEh3XCHgBE+MdYl/HlTTIoE="></latexit><latexit sha1_base64="9a5+FEh3XCHgBE+MdYl/HlTTIoE="></latexit><latexit sha1_base64="9a5+FEh3XCHgBE+MdYl/HlTTIoE="></latexit><latexit sha1_base64="9a5+FEh3XCHgBE+MdYl/HlTTIoE="></latexit>

1

tvisc(R1)
<latexit sha1_base64="WNRvNc60s+YCOXJfd2ur3pwTipY="></latexit><latexit sha1_base64="WNRvNc60s+YCOXJfd2ur3pwTipY="></latexit><latexit sha1_base64="WNRvNc60s+YCOXJfd2ur3pwTipY="></latexit><latexit sha1_base64="WNRvNc60s+YCOXJfd2ur3pwTipY="></latexit>

Mass accretion vr(R) = R/tvisc(R)
<latexit sha1_base64="+FY8saMf2oWtjI2eMd72zjSuXw8=">AAACjXichVE9SxxBGH5cEz8uiXeaRkgjHsqlOd8VRREVSYpY6umpoHLsrnM6uF/szi3ocn8gha2FVQQRSWsbGxv/gIU/QVIq2Fj43t6CqKjvMDPPPPM+7zwzY/q2DBXRVYvW+uFjW3tHZ+bT5y9d2Vx3z1Lo1QJLlC3P9oIV0wiFLV1RVlLZYsUPhOGYtlg2t3829pcjEYTScxfVji/WHWPTlVVpGYqpSq4QVeI1x1BbgRMH9X qh9H2qNKQeuUiGVkJXcnkqUhJ9L4GegjzSmPNyx1jDBjxYqMGBgAvF2IaBkNsqdBB85tYRMxcwksm+QB0Z1tY4S3CGwew2j5u8Wk1Zl9eNmmGitvgUm3vAyj4M0CWd0A1d0F+6pvtXa8VJjYaXHZ7Nplb4lezv3oW7d1UOzwpbj6o3PStUMZ54lezdT5jGLaymPtrdv1mYKA3Eg3RI/9n/H7qic76BG91aR/OidIAMf4D+/LlfgqXhok5FfX4kP/Mj/YoOfEM/CvzeY5jBLOZQ5nP3cIp/ONOy2qg2qU03U7WWVPMVT0L79QBRiZm1</latexit><latexit sha1_base64="+FY8saMf2oWtjI2eMd72zjSuXw8=">AAACjXichVE9SxxBGH5cEz8uiXeaRkgjHsqlOd8VRREVSYpY6umpoHLsrnM6uF/szi3ocn8gha2FVQQRSWsbGxv/gIU/QVIq2Fj43t6CqKjvMDPPPPM+7zwzY/q2DBXRVYvW+uFjW3tHZ+bT5y9d2Vx3z1Lo1QJLlC3P9oIV0wiFLV1RVlLZYsUPhOGYtlg2t3829pcjEYTScxfVji/WHWPTlVVpGYqpSq4QVeI1x1BbgRMH9X qh9H2qNKQeuUiGVkJXcnkqUhJ9L4GegjzSmPNyx1jDBjxYqMGBgAvF2IaBkNsqdBB85tYRMxcwksm+QB0Z1tY4S3CGwew2j5u8Wk1Zl9eNmmGitvgUm3vAyj4M0CWd0A1d0F+6pvtXa8VJjYaXHZ7Nplb4lezv3oW7d1UOzwpbj6o3PStUMZ54lezdT5jGLaymPtrdv1mYKA3Eg3RI/9n/H7qic76BG91aR/OidIAMf4D+/LlfgqXhok5FfX4kP/Mj/YoOfEM/CvzeY5jBLOZQ5nP3cIp/ONOy2qg2qU03U7WWVPMVT0L79QBRiZm1</latexit><latexit sha1_base64="+FY8saMf2oWtjI2eMd72zjSuXw8=">AAACjXichVE9SxxBGH5cEz8uiXeaRkgjHsqlOd8VRREVSYpY6umpoHLsrnM6uF/szi3ocn8gha2FVQQRSWsbGxv/gIU/QVIq2Fj43t6CqKjvMDPPPPM+7zwzY/q2DBXRVYvW+uFjW3tHZ+bT5y9d2Vx3z1Lo1QJLlC3P9oIV0wiFLV1RVlLZYsUPhOGYtlg2t3829pcjEYTScxfVji/WHWPTlVVpGYqpSq4QVeI1x1BbgRMH9X qh9H2qNKQeuUiGVkJXcnkqUhJ9L4GegjzSmPNyx1jDBjxYqMGBgAvF2IaBkNsqdBB85tYRMxcwksm+QB0Z1tY4S3CGwew2j5u8Wk1Zl9eNmmGitvgUm3vAyj4M0CWd0A1d0F+6pvtXa8VJjYaXHZ7Nplb4lezv3oW7d1UOzwpbj6o3PStUMZ54lezdT5jGLaymPtrdv1mYKA3Eg3RI/9n/H7qic76BG91aR/OidIAMf4D+/LlfgqXhok5FfX4kP/Mj/YoOfEM/CvzeY5jBLOZQ5nP3cIp/ONOy2qg2qU03U7WWVPMVT0L79QBRiZm1</latexit><latexit sha1_base64="+FY8saMf2oWtjI2eMd72zjSuXw8=">AAACjXichVE9SxxBGH5cEz8uiXeaRkgjHsqlOd8VRREVSYpY6umpoHLsrnM6uF/szi3ocn8gha2FVQQRSWsbGxv/gIU/QVIq2Fj43t6CqKjvMDPPPPM+7zwzY/q2DBXRVYvW+uFjW3tHZ+bT5y9d2Vx3z1Lo1QJLlC3P9oIV0wiFLV1RVlLZYsUPhOGYtlg2t3829pcjEYTScxfVji/WHWPTlVVpGYqpSq4QVeI1x1BbgRMH9X qh9H2qNKQeuUiGVkJXcnkqUhJ9L4GegjzSmPNyx1jDBjxYqMGBgAvF2IaBkNsqdBB85tYRMxcwksm+QB0Z1tY4S3CGwew2j5u8Wk1Zl9eNmmGitvgUm3vAyj4M0CWd0A1d0F+6pvtXa8VJjYaXHZ7Nplb4lezv3oW7d1UOzwpbj6o3PStUMZ54lezdT5jGLaymPtrdv1mYKA3Eg3RI/9n/H7qic76BG91aR/OidIAMf4D+/LlfgqXhok5FfX4kP/Mj/YoOfEM/CvzeY5jBLOZQ5nP3cIp/ONOy2qg2qU03U7WWVPMVT0L79QBRiZm1</latexit>

(Zero-centered Lorentzian)

Local mass accretion rate is intrinsically variable  
in time-scales longer than local viscous time-scales
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Spectral decomposition
ṁ(R, t)
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• Faster variability component is reproduced. 

• But model produces a single bump, neglecting the slower one.

What produces double bumps?

Comparison with observation

0.5-1.5 keV 
1.5-5.0 keV 
5.0-10.0 keV
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Different flow properties

Discontinuity produces double bumps.

Hot flow

log f
<latexit sha1_base64="SJGq5rm/Z/QqFX8ZSMv4i9k8MJQ="></latexit>
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R1 R2 R3
R1

R2
R3

Discontinuity

Power spectra of ṁ(R, t)
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logR
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Thin disk
BH

Hard ComptonVariable disk
Soft Compton

R1 R2 R3

Inner edge of  
the truncated disk

Different types  
of flow

(Rapisarda et al. 2016)
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Comparison with observation

What compensates for the loss of faster variability?

• Power spectra of higher energy bands are reproduced as a whole. 

• But the soft band clearly lacks the power as the faster component.

0.5-1.5 keV 
1.5-5.0 keV 
5.0-10.0 keV

Disk variability

Hot flow variability
Slower component

Faster component
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Including reflection

Reflection accounts for faster variability in the soft band 
and soft lagging hard at high frequencies.

Thin disk
BHHard Compton

Variable disk
Soft  
Compton

Thermal  
emission Hard X-ray illumination

Time

Fl
ux

Thermal emission inherits the variability of the hard X-rays  
from the hot flow with delay.

Light crossing time
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Model reproduces both power spectra  
and frequency-dependent time lags.

Power spectra Lag-frequency spectra

0.5-1.5 keV  
vs  

2.0-10.0 keV

Hard lags  
behind Soft

Soft lags  
behind Hard

0.5-1.5 keV 
1.5-5.0 keV 
5.0-10.0 keV

Comparison with observation
(Kawamura et al. in prep.)
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Derived viscous (accretion) time-scale

Derived viscous time-scale is consistent with  
multiple theoretical models.

BH

MBH = 8M�
<latexit sha1_base64="JLrKRh8Kn0YVTD4XHIiszyKYtQ4="></latexit><latexit sha1_base64="JLrKRh8Kn0YVTD4XHIiszyKYtQ4="></latexit><latexit sha1_base64="JLrKRh8Kn0YVTD4XHIiszyKYtQ4="></latexit><latexit sha1_base64="JLrKRh8Kn0YVTD4XHIiszyKYtQ4="></latexit>

( )

Thin disk
Hard  
Compton

Variable disk

Discontinuity

Soft  
Compton

(Bollimpalli et al. 2020)
(A

cc
re

tio
n)

(Marcel et al. 2018)

Truncation of  
45 Rg
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Summary

Thin disk
BHHard Compton

Variable  
disk

Soft  
Compton

(1) Propagation of fluctuations

(3) Inhomogeneous hot flow

(4) Discontinuity of  
      viscous time-scales

lo
g
t v

is
c
(R

)
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logR
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(2) Reflection  
+ thermalization

• NICER allows the investigation into disk variability,  
as well as Comptonization variability in the low/hard state of MAXI J1820+070. 

• Our model has succeeded in reproducing both power spectra and time-lags. 
Incorporating disk variability is an essential element.

Thank you for listening.

Truncation of  
45 Rg


