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What are X-ray binaries?

. ' Xray heating "

Hot spot



Quasars and microquasars show direct correlation between kinetic power and
v-ray luminosity over 10 orders of magnitude! Nemmen et al. 2012
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Why Study X-ray Binaries?

e Efficient matter to energy
converters

e Study matter at extreme
conditions

e Contain endpoints of stellar
evolution

* Most nearby, easily studied
example of accretion processes
and disk/jet interaction




RXTE/ASM: 15 year light curves
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Spectra of X-ray binaries

Neutron star systems Black hole systems
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RXTE PCA lightcurves and color-color diagrams of GRS1915+105
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Black hole system GRS 1915+105
Belloni et al 2000
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XTE Spacecraft

High Gan Antmzna?

Levine et al 1996

Star Trackers

EDS
(not shown)

Solar Amay ,

A RS :
3 scanning shadow cameras each with a collecting area of 30 ¢cm?

Covers 80% of sky every 90 minutes

Sensitivity: 30 mCrab

3 energy bands covering 1.3-12 keV

Over 15 years of data available on about 500 sources. 13
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CCI Diagrams

Soft Color HR1 = (3-5keV)/(1.3-3keV)
Hard Color HR2 = (5-12keV)(1.3-3keV)
Intensity = 1.3-12keV counts

(scaled from 0-1)

RXTE/ASM data: One day averages over 13y "™ "1
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Color-Color-Intensity Diagrams

C HRI1 = (3-5keV)/(1.3-3keV)
CIHR2 = (5-12keV)(1.3-3keV)
I Intensity = 1.3-12keV counts
(Intensity normalized to top 1%)
(Only = 50 points plotted)

RXTE/ASM data:
One day averages over 13 years

Black holes low mass

Non-pulsing neutron stars

Vrtilek & Boroson 2013
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Color-Color-Intensity Diagrams

C HRI1 = (3-5keV)/(1.3-3keV)
CIHR2 = (5-12keV)(1.3-3keV)
I Intensity = 1.3-12keV counts
(Intensity normalized to top 1%)
(Only = 50 points plotted)

RXTE/ASM data:
One day averages over 13 years

Black holes low mass

Non-pulsing neutron stars

Vrtilek & Boroson 2013



Schematic Hertzsprung-Russell Diagram
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A Hertsprung-Russell diagram for accreting binaries?

Black holes low mass

Non-pulsing neutron stars

Vrtilek & Boroson 2013



Spectral Connectivity Analysis

Richards et al (2008; 2009)

Freeman et al (2009)
Lee & Waterman (2010)
Input data Data clustered by
diffusionMap
7 )
fe 12
+ "" >
ot |
diffusionMap:

http://cran.r-project.org/web/packages/diffusionMap/index.html
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Input data colored by
prior knowledge
clusters

ASM Data of Sco X-1 and Cen X-3

Sco X-1, Cen X-3

Data coworea oy
diffusionMap

Sco X1 and Cen X.3 colored by diffKmeans class
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Input data colored by Data colored by
prior knowledge diffusionMap clusters

Cyg X-1, Cen X-3, NEGED: Q|
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vs Atoll sources

Input data colored by
prior knowledge
clusters

ASM Data of Cyg X-2 and GX949

3

Cyg X-2, [en€I3Y

Data coworea ny
diffusionMap

Cyg X-2 and GX949 colored by diffKkmeans class

25




Different states of a single source: Cygnus X-1

(Hard state, ’ PCA data of Cyg X-1 clustered
and soft state of Cyg X-1 in by diffusionMap

ASM determined using 2741

SpeCtral ﬁts tO PCA data) Cyg X-1 clustered by DifK means

12keV) [eps]

ASM countrate (1.5

0 H..'; e 1 ‘ l:-'b . 2 53 2..'; 3
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Separating Black holes and Z sources?

E=—==

ASM Data for Sco X-1 and Cyg X1

Sco X-1 and Cyg X-1 colored by diftKmeans
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Sco X-1 and Cyg X-1

colored by diffKmeans
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Different approach: see Luke’s presentation!




Different states of a single source: Cygnus X-1

(Hard state, ,
and soft state of Cyg X-1 in
ASM determined using 2741
spectral fits to PCA data)
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Problems with diffusionMap code:

1) optimized for selection by
redshift;

2) critically dependent on
number of groups and spacing
between groups.

Different approach: see
Luke’s presentation!

Diffusion Map
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Incorporating the Physics

HR 2

Resolved jet sources
X-ray pulsars

Cyg X-1

Cyg X-3
Circinus X-1
XTE J1550-564
Sco X-1
GROJ1655-40
GRS 1915+105
GX339-4
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Incorporating the Physics
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HR 2 Massi & Bernado (2008)

Resolved jet sources
X-ray pulsars
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Formation of extragalactic jets
from black hole accretion disk

If Py <P, field lines spiral Condition for jet formation
is that

P, =B%/8n

P, =ov? R,/R. =1 for NS

R,/R;4o=1 for BH
Py =P, at the Alfven radius

35



Classical X-Ray Pulsars

ms X-Ray Pulsars

P, = B%/8n
Pp = QV2

RAlfvenm *

So for the jet criterion
Py=P, 2> B?8rn = gv2 Massi & Bernado 2008:

M, = 47R2pv (Longair 1994)
v=(2GM./R)12
For a dipole magnetic field: B/B. = (R./R)3

RAﬂ{* = (.87 (B*/IOSG)4/7(MdOt10-8 M. /year)-27

sun

For a NS with a mass 1.44M and radius of 9km (Titarchuk & Shaposhnikov 2002)
sun




Massi & Bernado 2008 quantified this progression using known

values:

Ruiven/R = 1 for neutron star systems

NS surface

R itven /'Riso = 1 for black hole systems.

B=<135X 108G Low Magrelio Fiaid Nouon St
Schwarszchild blackhole High-Magnetic-Field Neutron Star
B=5X108G
Kerr blackhole /-\ b
- Donor star K ) 3
S } S B
B=10%32G Z-sources \/
B =< 107G Atoll sources Microquasar X-Ray Pulsar
B=107G Pulsars
Millisecond pulsars B~1012G

No jets at any accretion rate
B=< 102G AGN
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Fender et al model for jet production in XRBs

From most likely to least likely to

produce jets:

. e VHS/IS
Black hole systems with no intrinsic _ HS_ st Haw LS
magnetic field. ) | ¢ ey

L

L]

Low-mass neutron star systems with
weak magnetic fields at high accretion Q

(Z-type) ' ot &8 )
Low-mass neutron star systems with ° 1|

weak magnetic fields at low accretion : .k" st ‘\.',y
(Atoll) | :

High-mass neutron star systems with
high magnetic fields (Pulsars)

Fender, Belloni, & Gallo (2004)
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Schwarzschild-BH XRBs

Norm Cis 0.5\-
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Kerr-BH XRBs
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ms X-Ray Pulsars

Massi & Bernado 2008

Homan et al 2010 claim M, ,

very low Mdot.

Class

increases from A o!l! to Z sources.

And bursters are thought to be at

D

sical N-Ray Puls:
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CCI diagram incorporate ALL key elements that determine
interplay between jet power and disk radiation:

1. Mass accretion rate which determines available energy
2. Strong magnetic fields which inhibit jet formation
3. Basic condition for jet formation (R,/R, =1)
8 1o
s Lum
HR2 Pulsars
HR 2 lack holes

Atolls
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1. Mass accretion rate
determines available
energy

2. Strong magnetic fields
inhibit jet formation

3. ISCO is related to jet
power
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Codounr (B-Y)
+1.0

HR 2
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GRS 1915+105 Belloni states
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Individual sources with better resolution

p - _A X 0
Y “® (U
u Y
Peris 2013

PCA Data of GRS1915+105 Belloni states
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asint

NASASCOMeY G

X-ray binaries in external
galaxies: NG(C4649
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Chandra ACIS data from Dong-
Woo Kim and Pepi Fabbiano

Cyg X-3 Kalkonen states

c2
Gl

Int

Chandra grating data from Mike
McCollough
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MAXI data

4
v

Cyg X-1

Cyg X-1, LMC X-1,LMC X-3

AN

Freshwater et al 2013

LMC X-3

Slit camera with a collecting area of 5000 cm?2.
90-98 % of sky every 96 minutes.
Sensitivity: 3 mCrab

Energy range: 0.5-30 keV

Resolution: 18% at 6 keV)

Monitoring over 1000 sources.
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What we are working on. ..

Defining geometric loci for classification of
unknown objects.

Identifying the physics that drives objects to
specific locations in CCI

Quantifying the disk-jet connection:
When will an accreting neutron star become a

microquasar rather than a pulsar? | L"::’(‘*‘!J‘”“ sl
When will a black hole X-ray binary evolve into a

microquasar phase?

Studying states within a given object (need
better resolution data)

Studying populations in other galaxies.

Expanding to other databases, instruments,
and object classes.

Compact object

of center

Accretion disk

§ [rrays

‘ Microblazar

http://hera.phl.uni-koeln.de/~heintzma/U1/MIV_microq.htm
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XRB classification scheme

Binary systems containing black holes:*
Dynamically well determined with massive companions
Dynamically well determined with low-mass companions
Black hole candidates
Binary systems containing neutron stars:**
Systems with high mass companions
Pulsars
Non-pulsing
Systems with low mass companions
Pulsars
Non-pulsing
Z-sources
Atolls
Bursters

*From Remillard & McClintock 2006
**Liu, van Paradijs, & van den Heuvel 2000,2001
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A Black hole systems -+ Neutron star systems

L S

High mass  Candidates Low mass High mass Low mass
Y i N\ 7~ \\\
¥ N K 3 b/ \u
Resoived jets implied ﬁwets Resolved jets  Implied je1s  no jets pulsing

\
\

Pulsing Non pulging Pbulsing Non pulsi
j T / V\A
w-wrms

—gp—

Resolved jets impled jets no jets

B

High mass systems Low mass systems

l \ u./ \1/ \'\.n

BHs Pulsing-NS  Non-pulsing-NS BHs Pulsing-NS Non-pulsing-NS
Qutbursts Ncoc{bursts Outtursts No cutbwrsts Outbursts  No outbursts Quthursts No ou,?u.rs's Oubuwrsts Nooutbursts  Qutursis N:':umfsu

L-/ s / hW v/ v / N\

Jets No jets Jets No jets Jets Nojets Jets No jets
Sample heirarchical clustering schemes. 5
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