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RMS “flicker-noise” illustrated with 
MAXI J1820+070 in 2 million 
5kcnt segments 

Times as short as ~0.2s
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n Black Holes
n QPOs
n BH Spin

n Neutron Stars
n Classes, energy spectra, and PDS
n NS equation of state

n Practical Advice on XRB Spectral Modeling 



BH Low-Frequency QPOs

Type: A B C
ν0 (Hz): ~8                   ~6 ~0.1 – 15
a (rms %): few few 5 – 20 
Q : 2 – 3 ~10 ~10
State: Int.(jetline)      Int.(jetline) Hard/Int.
Commonality:           rare common      very common

Wijnands et al. 1999

Cui et al. 1999

Remillard et al. 2002

Rodriguez et al. 2004

Casella et al. 2005

XTEJ1550-564

Credit: R. Remillard



n Likely the very strongest 
BH QPO (by raw signal, not 
by rms)

n Twin ~2.5, 5 Hz type-C low-
frequency QPOs

MAXI J1535-571
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MAXI J1535-571 – dynamic QPOs

Stevens et al.



MAXI J1535-571 – phased spectroscopy

Ingram et al.

Phase-folded on QPO frequency



Black-Hole Spin:
X-ray Continuum Fitting



Goal: Measure the Inner Disk Radius 



a* = 0
RISCO = 6M G/c2

(90 km)

a* = 1
RISCO = 1M G/c2

(15 km)



n Measure the flux F received from the star
n Measure the temperature T* (from spectrum)
n Independent knowledge of distance (i.e., from parallax)

R

L⇤ = 4⇡D2F = 4⇡R2
⇤�T

4
⇤

�⌦ =
⇡R2

⇤
D2

=
⇡F

�T 4
⇤

R⇤ = D

r
�⌦

⇡
= 37.5

L1/2
⇤

T 2
⇤

(cgs)

Measuring the Radius of a Star



Measuring RISCO
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The X-ray Continuum Fitting Method
Zhang, Cui & Chen 1997

§ Applied when spectrum dominated by 

§ Theoretical profile of disk flux 
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A soft/thermal state spectrum
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Spectral model:   tbabs(simpl x kerrbb)



Test-Case- LMC X-3: 1983-2009
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Fig. 2.— The net probability distribution of a∗ (Rin). The abscissa is scaled logarithmically
in Rin, our observable. The corresponding quantity of chief physical interest, a∗, is shown on

the lower axis. Our final distribution (solid line) incorporates measurement and systematic
errors, including uncertainties in the α-viscosity and absolute flux calibration. Dash-dotted

lines indicate the 90% confidence interval. A dotted line shows the result for α = 0.03 ignor-
ing systematic error (where the probability distribution has been rescaled for comparison).

a* = 0.25+0.13
-0.16

Steiner+14

LMC X-3: Final Spin

Obtained using hundreds of kerrbb(2) fits with error dominated by 
uncertainty in M, i, D.



Black-Hole Spin:
X-ray Reflection



Hot X-ray Corona Illuminating Cold Accretion Disk

kT ~ 100 keV

kT ~ 1 keV



Effect	of	Spin	on	Reflection	Features
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photons in disk: Compton
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Photoabsorption of power law
photons in disk: fluorescent Fe
Kα Line at ∼6.4keV

credit: J. Garcia

Leading reflection model is relxill
Javier, one of its two authors, will be here next week.



400 rg

100 rg

30 rg

10 rg6 rg

RISCO Inclination
angle

Fe	Kα	emission	line	from	different	disk	annuli

KERRDISK or RELLINE model (Brenneman & Reynolds 2006; Dauser+ 2010)

a=0,	i=30°,	q=3	(disk	emits	as	r-q).



Continuum Fitting Fe Line / Reflection

Approach Measure RISCO Measure RISCO

Signal being fitted Thermal disk continuum Broadened line features

Spectral state Thermal / soft (best), 
intermediate can be okay

bright hard state (best), 
intermediate can be okay

Suitable for Mostly stellar-mass AGN and stellar-mass

Model Complexity Low (though alignment 
question)

High

Independent inputs 
and dependencies

M, i, D, thin-disk regime   
(L/LEdd cut)

A prescription for coronal 
geometry, assumption of disk 
ionization and density profiles

Systematics Well-explored (~0.1) Less constrained (~0.1 ?)

Spin Method Comparison 



Black Hole Spin a* (CF) Spin a* (Fe K) Principal References
Cyg X-1 > 0.98 > 0.9 Gou ea. 14; Tomsick ea. 14, Fabian ea. 12

GRS 1915+105 > 0.98  0.98  ± 0.01 McClintock ea. 2006; Miller ea. 2014

4U 1630-47 > 0.95 King ea. 2014

LMC X-1 0.92 ± 0.06 0.97+0.02
-0.25 Gou ea. 2009; Steiner ea. 2012

MAXI J1535-571 >0.94 Xu ea. 2018

XTE J1752-223 0.92 ± 0.06 Garcia ea. 2018

V404 Cyg >0.92 Walton ea. 2017

GX 339-4 < 0.9 ~0.3 OR >0.9 Garcia ea. 2015, Steiner ea. 2017, Kolehmainen ea.  2010

GS 1354-645 >0.9 El Batal ea. 2016

MAXI J1836-194 0.88 ± 0.05 Reis ea. 2012

M33 X-7 0.84 ± 0.05 Liu ea. 2008, 2010

GRS 1739-278 0.8± 0.2 Miller ea. 2015

Swift J1753.5 0.76 ± 0.15 Reis ea. 2009

IC 10 X-1 >0.7 Steiner et al. 2016

XTE J1650-500 > 0.7 Walton ea. 2012

GRO J1655-40 0.7 ± 0.1* > 0.9 Shafee ea. 2006; Reis ea. 2009

Nova Mus ~0.6 ± 0.2 Chen ea. 2015

4U 1543-47 0.5 ± 0.2 Steiner ea. (also Morningstar ea. 14)

XTE J1652-453 < 0.5 Heimstra ea. 2010, Chiang ea. 2012

XTE J1550-564 0.34 ± 0.28 0.55 ± 0.1 Steiner, Reis ea. 2011

LMC X-3 0.25± 0.15 Steiner ea. 2014

H1743-322 0.2 ± 0.3 Steiner & McClintock 2012

A0620-00 0.12 ± 0.19 Gou ea. 2010
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n BH Spin
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Neutron Star LMXB Systems

figure: R. Wijnands

n 2 main types
n Z- vs Atoll

n Distinguished by 
color-color patterns at 
short-timescales



“Cyg X-2 –like” “Sco X-1 –like”
GX5-1 GX17+2

Z Sources - 2 sub-types

FB
NB

HBHB

NB

FB

Fig: R. Remillard



Atoll Energy and Power- Spectra

Soft state Hard state

energy-spec PDS PDSenergy-spec

• Generally very similar in appearance to BH soft and hard states.

• Commonly fitted with a combination of a blackbody, disk-blackbody, and a 
Compton / power-law component
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Flaring Branch 

Normal Branch

Horizontal Branch

Z-source Energy and Power- Spectra

Fig: R. Remillard
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2006 outburst
RXTE:  866 obs.

3 Ms archive

Horizontal (HB)
Normal (NB)
Flaring (FB)

Homan et al. 2007
Lin, Remillard & 

Homan 2008

Rosetta Stone NS Transient XTE J1701-462 
Decodes the Different Classes

ß Cyg-like

………….... Sco-like Z source…..…….

atoll

Fig: R. Remillard



Accreting X-ray Pulsars

n >100 in the Galaxy and LMC/SMC
n Pulse-periods milliseconds to hours
n Generally not radio pulsars 

n “Transitional” subset switch between radio and X-ray 
activity

n Typically wind-fed HMXBs
n Most are Be X-ray Binaries 

n Be-systems are rapidly rotating B-stars which expel a 
disk of gas

n Usually very young, orbiting with high eccentricity.  
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Accreting X-ray Pulsar Energy & Power- Spectra
Spectra can be highly structured; note cyclotron absorption below:  Ec [keV] ~10 B12 
Note the appearance of pulsations and their distinct sharpness vs QPOs

Fig: R. Remillard



A note on NS spins

n Can be determined from non-pulsing systems which 
produce X-ray bursts. A high-frequency coherent signal 
during X-ray bursts
n “burst oscillations”

Strohmayer
& Markquardt 99



NICER: Finding Neutron Star M/R via 
Pulsar Light Curves

Science Overview - 5!

Lightcurve modeling constrains the compactness (M/R) and viewing geometry of a 
non-accreting millisecond pulsar through the depth of modulation and harmonic content 
of emission from rotating hot-spots, thanks to gravitational light-bending… !

Reveal stellar structure through lightcurve modeling, long-term timing, and pulsation searches!Non-accreting msec Pulsars



4 Raaijmakers et al.
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Figure 1. Prior probability distributions for PSR J0030+0451 transformed to the joint space of central pressure and central

energy density (upper panels), and the space of mass and radius (lower panels), for the PP (left panels) and CS parameterization

(right panels). The dotted and dashed contours bound the highest-density two-dimensional regions respectively containing 68%

and 95% of the prior mass. The peak in the CS model just above 1.97 M� is due to how the model is constructed: all EOS

are forced to soften at high densities to comply with causality and at asymptotic densities with the constraint from pQCD,

causing all mass-radius sequences to have @M/@R . 0 near the maximum mass, thereby overlapping each other (see Greif et al.

2019). Note that these priors are specifically for PSR J0030+0451 because adjustments are made to match the priors in the

analysis in Riley et al. (2019); i.e., M 2 [1.0, 3.0] M� and R 2 [3rg, 16] km where rg(M) = GM/c2. For comparison the three

representative EOS from Hebeler et al. (2013) are shown as solid curves: HLPS Soft, Intermediate, and Sti↵. Note that the

discernible small-scale structure is due to: (i) the behavior of the (numerical) transformation from interior matter parameters

to exterior spacetime parameters; and (ii) finite sampling noise.

To obtain the second line of Equation (2) we equated
the nuisance-marginalized likelihood function of M and
R to the nuisance-marginalized joint posterior density
distribution of M and R reported by Riley et al. (2019).
This proportionality holds exactly because the marginal
joint prior distribution of M and R chosen by Riley
et al. (2019) is jointly flat. Our numerical nuisance-
marginalized likelihood function is an approximation
to the exact nuisance-marginalized likelihood function
because we are post-processing posterior samples, and
because post-processing involves kernel density estima-

tion (KDE) of the posterior density function. We then
sample from the posterior density p(✓ |d,M) in Equa-
tion (2) using the nested sampling software MultiNest
(Feroz & Hobson 2008; Feroz et al. 2009, 2013; Buchner
et al. 2014).

2.2.1. Priors

The prior density, p(✓ | M), in Equation (2) is iden-
tical to the prior described in Section 3.1.1 of Greif
et al. (2019), with the exception of the implementation
of the continuous range within the cEFT band. Here

NICER’s First Milestone EoS Results in 2019

36 Miller, Lamb, Dittmann, et al.

Figure 10. Top: comparison of the 64-phase bolometric waveform constructed using the NICER data
on PSR J0030+0451 with the 64-phase bolometric waveform model given by the 32-phase energy-resolved
waveform model with three oval spots that best fits the 32-phase energy-resolved waveform data. The dashed
blue line shows the fitted unmodulated background that was added to the counts produced by the three hot
spots as part of the fitting procedure (see Section 3.4). The zero of time of the model bolometric waveform
was adjusted to minimize the value of �2; this adjustment was +0.49 cycles. Bottom: the resulting value of
� as a function of phase. The �2/dof is 59.6/43, which has a probability of 0.0473.

5.5. Other Aspects of the Models

5.5.1. Locations of the Hot Spots

Figure 11 compares the best-fit locations and shapes of the hot spots obtained by fitting the models
with two and three oval spots to the NICER waveform data. Both hot spots in the model with two
oval spots and all three hot spots in the model with three oval hot spots are located in the southern
rotational hemisphere, well away from the sightline to the observer (recall our convention that the
sightline to the observer defines the northern hemisphere). Fits that force any of the spots to be in
the same hemisphere as the sightline to the observer are strongly disfavored. As we noted earlier,
when we discussed the phase-channel �2 values for the fits of both models to the NICER waveform
data, these spot locations provide formally excellent fits.
The fundamental reason spot locations in the southern hemisphere are favored appears to be that

the modulation fraction of the waveform observed by NICER is high and its harmonic content is sub-
stantial. Both waveform properties favor spot locations in the southern hemisphere, because when
the spots are visible for only a small fraction of a rotational cycle, both the modulation amplitude
of the waveform and the strengths of the higher harmonics of the spin frequency are larger. Spots
located in the northern hemisphere are visible for most of each rotational cycle and therefore pro-
duce waveforms with smaller modulation amplitudes and weaker high harmonics. In contrast, radio

EoS papers on PSR J0030+0451

Bogdanov et al. 2019
Miller et al. 2019
Raaijmakers et al. 2019
Riley et al. 2019

Raaijmakers et al. 2019
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XRB Data Analysis Roadmap 
(here be dragons!)

n New data in hand
n Fit with powerlaw

n (not good enough…)
n Fit with diskbb+powerlaw

n (reflection residuals!)
n Fit with diskbb+relxill

n (Pretty good fit, let’s use this.)
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The problem with 
diskbb+powerlaw

powerlaw

simpl

unabsorbed 
model

Steiner+09



The problem with 
diskbb+powerlaw

n It’s adding unphysical nonsense at energies <~kT and > kTe
n Structurally incorrectly applies assumption that two entities are 

directly and separately emitting photons: a disk and a corona.
n Causes NH to be systematically overestimated, kT to be 

overestimated, and N_disk to be underestimated.  
n NH is often reported as varying artificially with state from this (since 

Gamma dependent). 
n Solved when using models like compTT, nthcomp

n However, N_disk will still be underestimated (Compton photons 
*originated* as seed thermal emission).

n Solved and made self-consistent when using convolution models 
like simpl/cut or thcomp.



simpl/cut and thcomp as 
alternatives

n Convolutional scattering models which are 
structurally matched to the action of the corona.

n They scatter seed (thermal disk) photons into a 
Compton power law.

n Photons are conserved.

the effect of strong gravity on fluorescent line emission. This is
an important consideration given that the hard states in which
reflection is widely studied are associated with strong Compton
scattering.

As described by Equation (1), the shape of the down-
scattered emission is purely a function of Γ (specifically, the
downscattering spectral index is -G - 1; also, see Pozdnya-
kov et al. 1983). Meanwhile, the shape of the red wing of a
relativistic line is given principally by the spin of the black
hole, but it is also affected11 by the line emissivity q and
inclination i.

For reference, using canonical values q =3 and = ni 60 we
find the following correspondence between the shape of a red
wing for a relativistic line (at a given *a ) and the downscattered
wing of a narrow line due to Comptonization: * =a 1 matches
G » 1.5, * =a 0.7 matches G » 2.5, * =a 0.4 matches
G » 3.5, and * =a 0 matches 2G 4. It therefore follows that
if Compton scattering were being conflated with relativistic
distortion, it could be revealed though examination of data
spanning a range of Γ, or equivalently, a range of spectral
hardness.

Ideally, one would examine both hard and soft (or steep-
power law; Remillard & McClintock 2006) states to maximize
this difference. One expects that any bias introduced by this
effect would lead a harder spectrum to fit to a higher value of
spin (or, equivalently, a smaller inner radius). We note that the
most recent Nuclear Spectroscopic Telescope Array (NuSTAR)
reflection studies of Cyg X–1 find * = -a 0.93 0.96 for the
soft state and * >a 0.97in the hard state (Parker et al. 2015;
Walton et al. 2016). The direction of this mismatch in spin
(corresponding to a factor~25% difference in Rin ) is consistent
with the type of bias one would expect from unmodeled
coronal Comptonization.

We compare relativistic and Compton-scattering effects in
Figure 2 in order to illustrate how the two may be confused. In
the top panels, we present illustrative (simulated) spectra in
black comprised of both broad and narrow reflection
components (analyses using two reflection components being
ubiquitous for active galactic nuclei and commonplace for
stellar black holes). The broad component originates in the
regime of strong gravity while the narrow component is
produced from further away, where relativistic distortions are
negligible. In red we illustrate that closely matching spectra can

Figure 1. Shape of the Compton-scattered continuum that results from seed photons input at 1keV, for a range of coronal properties. We show the output of
SIMPLCUT acting on an input Gaussian line at 1keV using each of its two kernels: Ecut (left) which we adopt throughout the text, and comp (right) which is based on
NTHCOMP and described in Appendix A. The values of fSC correspond to t = 1 and t = 2 for uniform coronae with unity covering fraction. Note that here most line
photons go into the scattered wings; these appear faint with respect to the peak because they are very broad even though they contain most of the signal. Of principal
importance is the significant downscattered contribution from the line, which is appreciable and is steeper when Γ is large.

Figure 2. Illustration showing how downscattered reflection could plausibly
mimic broad plus narrow reflection components and could therefore potentially
be a source of systematic error in estimating spin. Top panels depict composite
spectra modeled as either broad and narrow reflection or as a Comptonized
narrow reflection component. Bottom panels present the profile of the modeled
coronal scattering as acting on a narrow Fe line to illustrate its shape. For
reference, we also overlay the shape of a relativistically broadened line with
spin * =a 0.9. Note from the bottom panels that the broad relativistic line
profile matches closely that of the Compton-downscattered wing for the hard
state (with a steeper G = 1.5), but for the soft state (G = 2.5) the red wing is
narrower.

11 We note that increasing q tends to decrease the line central peak, while
increasing inclination has the opposite effect.

4

The Astrophysical Journal, 00:000000 (12pp), 2017 Month Day Steiner et al.

Steiner+17

simplcut

Caution: when using simpl or simplcut, you 
must define a new, broad energy grid for xspec:
(e.g., “energies 0.005 1000. 1000 log”)



Scattering a disk spectrum

Steiner+09



Is the “photon accounting” 
useful?



Yes, necessary for robust CF 
spin

n Thermal emission in soft through SPL and 
intermediate states yield remarkable consistency:

H1743-322                               XTE J1550-564 
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How about Reflection?



XRB Data Analysis Roadmap 
(here be dragons!)

n New data in hand
n Fit with powerlaw

n (not good enough…)
n Fit with diskbb+powerlaw

n (reflection residuals!)
n Fit with diskbb+relxill

n (Pretty good fit, let’s use this.)



Reflection from a BH XRB

n Analogous issues with relxill for XRBs only, most 
problematic when disk is hot and/or power-law is steep.
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Comptonized disk
(simplcut x diskbb)

Reflection
(relxill, Rf=-1)



Assumed vs Actual Coronal 
Illumination of the Disk
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simplcut x diskbb, 
just scattered photons

Reflection
(relxill, Rf=0)
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n Produce a new code with thermal photons from beneath and self-
consistently figure out the thermal, Compton, reflection pieces.

n Practical fix - chop off the reflection excess, thusly:

What to do about this?



A practical hack

n Xspec command:  mdef mbknpo (max(E,B)-B)/abs(E-B+0.0000001)+(1-(max(E,B)-
B)/abs(E-B+0.0000001))*(E/B)^I : mul

n This multiplicative broken power-law reshapes the continuum between a break 
energy ”B” by index I.
n In practice, can either fix B to be ~2.5 kT or potentially fit it in a range ~1.5-5 kT.

n Precise value appears to differ a bit between diskbb and kerrbb (different continuum shapes after 
all…), and a bit with Gamma

n Best value for I seems to be Gamma-0.8
n I would freeze this parameter – not fit it!

n (Easy to check with plots like on the last page that index and peak are reasonably 
matched)

n Punchline: Adds one or zero more free parameters, but makes the continuum 
match reality a hell of a lot better

n Federico Garcia was exploring the same issue and came up with a similar approach to 
this; his method is a bit more sophisticated than mine.



The (unscattered) reflection prediction 
compared to the Compton continuum
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Before: simplcutx(diskbb) + relxillCp After: simplcutx(diskbb) + mbknpo*relxillCp



The net result:
n simplcut (diskbb + mbknpo*relxillCp)
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Part 2 Takeaway

n Basics of LF QPOs in BHs
n Familiarity with how BH spins are measured

n Nature produces stellar-BHs with spins from 0 to 1
n Familiarity with some of the zoo of NS sources
n Spectral fitting suggestion

n Watch out for runaway or unphysical model behavior
n Opt for self-consistent models when its easy to do so. 
n Important to curtail powerlaw runaway below kTseed

for Comptonization.





Extra Slides



Ionization instability

Zhang 2013 review article; idea due to Meyer & Meyer-Hofmeister 1981, 

transition from convective at low mdot to radiative at high mdot



Gravitational Waves – LIGO & 
VIRGO
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”Equivalent to measuring the distance to the nearest star 
(some 4.2 light years away) to an accuracy smaller than 
the width of a human hair!”



LIGO / GW BHs
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