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XRB Blueprint

Accretion Disk

Companion Star

NS or BH

1,000,000 km 

Low Mass X-ray binaries
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Dichotomies:

n NSs vs BHs 
n High-mass (HMXBs) vs Low-mass (LMXBs)
n Wind-Fed vs Roche-Lobe Overflow
n Persistent vs Transient

(coloring indications correlative, but note the 
mapping is not absolute)



Distinguishing Characteristics of 
NSs vs BHs
n NSs have surfaces which means they 

n Can contain (strong) magnetic fields
n Can produce extra thermal emission 
n Can produce thermonuclear bursts
n Can produce pulsations
n Emit more than a black hole for a given mass-

accretion rate!
n BHs can have very high spin-rates, beyond 

reach for a NS
n NS limit ~1500 Hz         a*~0.7 (Lo & Lin 2011)



A Comparison In Quiescence
Garcia et al. 2001

BH

NS



NS X-ray Bursts



High-Mass vs Low-Mass XRBs

n Distinguished based on the mass of the 
companion star

n A and hotter stellar types are considered 
HMXB, F and cooler are LMXBs

n Some systems with companion mass = 
several MO straddle this boundary (e.g., 
LMC X-3, 4U1543-47, Her X-1)



HMXB and LMXB archetypes

Illustrations by NASA

1) Wind-fed           
(persistent, HMXB)

• O-B giants

• Lopt/LX ~10 

2) Roche-lobe overflow 
(transient, LMXB)

• K-M dwarf 

• Lopt/LX ~ 10-2



n Persistent 

n Transient

X-ray activity
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The birth of an X-ray binary in a stellar nursery

Milky Way thought to contains about 100,000,000 black holes
And 10x more neutron stars

NGC 2244



Image: R. Wijnands



Why should a high-enough mass 
star forms a BH? It’s inevitable

Newtonian physics: if pressure increases rapidly enough towards 
the interior, an object can counteract its self-gravity  

General relativity: pressure does not help

Pressure=energy=mass=gravity
Credit: R. Narayan                                                                                     
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Example Binary Evolution / XRB 
formation

Two OB main-
sequence stars

Primary overfills 
Roche lobe

He star + OB 
companion

SN of primary NS/BH + OB runaway

NS/BH around OB 
companion in eccentric orbit

Image: R. Wijnands



Globular clusters, XRB cities

n Globular clusters filled with XRBs

n ~10% of LMXBs in GCs 
(~100x over-represented)

n Mostly NSs, BH XRBs scarce in 
MW GCs 47 Tuc

Heinke et al. 2005



Discovery: 
How we find new XRBs

n Wait for new X-ray transient (1-2 /yr)
n Pulsations or bursts à NS; otherwise a 

BH candidate
n Identify optical counterpart
n Wait for quiescence
n Dynamical mass measurement distinguish 

between BH vs NS, i.e. (M > 3 MO à BH;  
we don’t know of nature making any BHs 
less massive than this.



Transient Systems

n ~70% BH Candidates
n Typical Outburst

n Rise time: days 
n Decay time: months
n Recurrence time: decades
n Peak luminosity: >100 mCrab (among 

brightest objects in X-ray sky) 
n Quiescence: barely detectable in X-rays
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Dynamical Mass Measurements



EoS of Neutron Stars

Oppenheimer & Volkoff (1939): maximum mass for NS stable 
against gravitional collapse

Lattimer & Prakash (2004)

Widely accepted upper limit  to NS mass ~3 M¤

(Kalogera & Baym 96, Rhoades & Ruffini 74,etc.)



XRBs Masses – Ingredient List
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A quick derivation of f(M)
a3 = GMtotP

2/4⇡2

(2⇡a/P )3P/2⇡G = Mtot
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Important Note! 
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direct observables



Dynamical Masses

1) Mass function, determined from radial velocities
- a compact-object mass lower limit
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2) Measure q by Vrot sini
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R=λ/Δλ≥5000 required

Casares et al.

Dynamical Masses

Mass ratio q measured using 
Eggleton approximation for 
Roche potential  



3) Fit ellipsoidal modulation GRO J1655-40 (Orosz & Bailyn. 97)

f(M) + q + i è complete solution

Dynamical Masses

Determines inclination





Ellipsoidal Variations



Putting it all together:
Case study LMC X-1
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Fig. 1.— 1 × 1 arcminute finding charts for the field surrounding LMC X-1 obtained with

the Magellan-Baade telescope. The left panel is a V -band image obtained with the IMACS
imaging spectrograph, sampled at 0.′′22 pixel−1 under seeing of 0.′′8. The right panel is the
same field observed in the K-band using the PANIC camera with 0.′′125 pixel−1 sampling

and a seeing of 0.′′55. The correct counterpart together with the nearby B5 supergiant R148
are marked.



MIKE Spectrum: Teff=33,225  &  log(g) = 3.49
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MIKE Radial Velocities: K = 69.2 ± 0.9 km/sec

Photometric Phase (P = 3.90917 days)
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MIKE Rotational Velocity of Secondary: 
Vsin i = 129.9 ± 2.2 km/sec
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Fig. 2.— The phased light curves of LMC X-1. Phase zero corresponds to the time of the

inferior conjunction of the secondary star. Shown from the top are the B, V , J light curves
with the best-fitting ellipsoidal models assuming a circular orbit (solid lines) and assuming

an eccentric orbit (dashed lines). Owing to the large scatter, the J band data were not used
in the modeling.
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LMC X-1

Credit: Chandra



Steeghs & Casares 2002

NIII/CIII HeIIDetection of sharp high excitation emission lines 

Most prominent are CIII/NIII at λλ4630-40

NIII powered by fluorescence 

Doppler shift traces orbit of heated companion

Black-Belt Topic -
X-ray heated systems:  Bowen-line emission

Credit: J. Casares



Courtesy: J. Orosz

M33 X-7

Cygnus X-1LMC X-1

x
MercurySun

LMC X-3

XTE J1650-500

XTE J1118+480

GRS 1009-45

GS 2000+25

A0620-00

XTE J1859+226

GRS 1124-683

H1705-250

GRO J0422+32

V404 Cyg GS 1354-64 GX 339-4 4U 1543-47

XTE J1550-564

GRO J1655-40

SAX J1819.3-2525

The Black Hole Binary Zoo

Three 
persistent 
systems

18 
transient 
systems



Results:
Masses of 
BH Transients

Özel, Psaltis, Narayan,
& McClintock 2010



Minimum BH mass ~ 5M0 Recall: maximum NS mass ~ 2M0
Özel et al. (2010, 2012); Bailyn et al. (1998)



Mind the Mass Gap

n Unexpected, because main-
sequence mass distribution rising
at low M.  (Özel et al 2010)

n Not predicted by evolutionary 
theory (Freyer & Kalogera 2001)

n Perhaps this is offers a clue about 
SNe?  (Belczynski et al 2011)

n Alternatively: indirect hints (not 
confirmed) of low-mass BHs in 4U 
1957+11, IGR J17091-3624
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Canonical States of Cyg X-1

10/10/05 Prof. Lynn Cominsky44

HXD-PIN HXD-GSOXIS (CCD)

hard state

soft (“thermal”) state
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The RXTE View of BHs

Steiner+2016
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Jet line

GX 339-4 as template



States, Turtles, and Jets

Pc-scale ballistic 
jets: Seen 
episodically near 
X-ray maximum at
Lx ~ LEdd

AU-scale steady 
jets: Seen 
continuously in 
low hard sate at 
Lx ~ few% LEdd

HardSoft / Thermal

Fender, Belloni & Gallo 2004
Je
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ity

Type 1 Type 2

GRS 1915
+105

Mirabel &
Rodriguez 
1994 VLA 3.5 cm



SPECTRAL EVOLUTION

XTE J1550-564XTE J1908+094

XTE J1650-500XTE J1752-223

Again, q-shaped diagrams are traced out in and anti-clockwise manner. Note that this anti-
clockwise behavior is seen in almost all transients. The five HIDs I’ve showed so far are all 
from outburst in which no flaring was present. Let’s take a look at an outburst that does 
show flaring, since it shows some additional behavior.

Credit: J. Homan



NEUTRON STARS

hard - soft - transitions

transitional

hard

soft

q-shaped

anti-clockwise
motion

Aql X-1

This is Aql X-1, a transient that shows frequency outbursts. The HID is q-shaped, like in black 
holes, and motion is anti-clockwise. The spectral evolution has very little to do with nature of 
compact object and as I mentioned earlier similar looking diagrams can be constructed for 
white dwarfs and AGN. Spectrally, the states in systems like this are very similar to black 
holes, except for an additional of a thermal component from the neutron star surface or 
boundary layer. Similar tracks are seen for almost all sub-Eddington transients. (below 20% 
Eddington)

Credit: J. Homan



kT ~ 100 keV



• Hard State –
• Generally at lower luminosities
• Dominated by nonthermal emission from corona (Comptonization and 

associated reflection).
• QPOs common (more on this tomorrow).  
• Compact radio jet is present
• High rms timing noise

• Soft State –
• Generally at higher luminosities
• Dominated bythermal blackbody emission from the disk and/or 

surface (for NS only of course)
• No jet
• Low RMS timing noise

State Spectral and Timing 
General Properties



• Intermediate States –
• Transitional between hard and soft and usually short lived.  
• Changing mixture of thermal and nonthermal components.
• QPOs common
• Ballistic jets can be launched crossing jet line
• RMS varies, coupled to hardness

• Quiescence –
• An extreme extension of the hard state to vanishingly small mass-

accretion rate / luminosity

State Spectral and Timing 
Properties



Takeaways

n Taxonomy of XRBs (HMXB, LMXB), basics of each
n Quiescent observations provide a mass function 

from radial velocity measurements (spectroscopy)
n Light curves are used to determine inclination 

from ellipsoidal variability (photometry)
n A mass gap between NSs and BHs
n “Q”-shape of BH (and NS) HID
n Coupling of spectral states and timing noise 

(spectral-timing states)



For Tomorrow

n Physical models of spectral states
n Continuum and reflection spectral modeling
n QPOs and state evolution
n Black-hole spin 

n Z- atoll- NS systems, X-ray pulsars
n NS Equation of state





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
Zhang 2013



B-Z Mechanism

Thorne 1994



Quasi-periodic oscillations

Figure from Casella et al. 2004; Motch et al. 1983 for first detection in a 

black hole candidate

BH QPOs 

Casella et al. 2004



Comptonization and cutoff power laws

Credit: T. Maccarone



Gravitational Waves – LIGO & 
VIRGO

61

”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

62


