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* Important for the study of X-ray binaries (by
definition!)

* Also for the study of compact WD binaries
— Cataclysmic Variable (CVs
— Super Soft Sources (SSSs)
— Novae, recurrent novae, symbiotic stars

e Study of many other accretion-driven objects
(e.g. AGN)

e Active corona stars

B e ) UFS
SAAO | e uv Observational X-ray Astronomy: 25 May 2021 2
e g TATA

VVVVVVVVVVVVV
FFFFF




X-ray astronomy

« At very short wavelengths we deal with photon
energies instead of A

— Measured in electron Volts, eV
« X-rays: energies of approx 100eV to 100keV
— Absorbed by the atmosphere so observatories are
space based
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viass Absorption Coetticient (cm*“/g air)

Fraction of atmospheds

Photon Energy (MeV)
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Photoelectric absorption, Compton effect, pair production
Height for 50% of attenuation changes with E
10 cm of air stops 90% of 3 keV photons (4.1 A = 0.4 nm)
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Nobel prize 2002: Riccardo Giacconi

“for pioneering contributions to astrophysics, which ,
have led to the discovery of cosmic X-ray sources”

1962: experiment to search for X-rays from the lunar
surface: three Geiger counters on a Aerobee rocket
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Line emission from electronic transitions
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Inner-shell ionization: y,e +1 = 1" +2e = I*+ e,y

Important 6.4 keV line from Fe | - Fe XVI
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(a) Electron collision induced ionization
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(c) Fluorescent emission of characteristic radiation

(b) Photoionization
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Silicon (Si)
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Thermal bremsstrahlung (free-free emission)

1000,  Blackbody radiation Power law . Thermal bremsstrahlung
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€nergy range.
0.1- 100 keV (0.12-120 A)
(hard X-rays up to 500 keV)

continuum

radiative recombination
lines

X-ray band includes K-shell

charges exchange iamiiions(n=2_b 1) for all

f elements heavier then He

uorescence
thermal
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Plank radiation law
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Rayleigh Jeans approximation
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Log specific intensity (W m-2Hz!sr!)
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total energy flux
F =oT*

Star temperatures:
red dwarf: 2500 K
O star: 40 000 K
Newly formed neutron star: 106 K (?)
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consider a hot optically thin plasma transparent to its own radiation in thermal equilibrium

Thermal Bremsstrahlung by electrons (Maxwellian velocity distribution)

Cloud of
ionized plasma

Thickness

along line of o -‘(I
sight (m) SSIVEL ™ from Bradt 2008
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Einstein Obsarvatory
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first survey at 2-20 keV
proportional counters

#1: Uhuru 1970 (NASA)
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* Gainof 103-10°
e Single photon event are detected (need to be!)

WINDOW

SUPPORTS
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LAXPC X-ray detecting anode assembly with veto layer on 3 sides mounted on the

back plate.
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TRANSMISSION

Need absorptive gas
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* Crude collimation by means of mechanical obstructions (slats
or “egg crate” collimators)

MAIN COUNTER VOLUME
.V.POWER
» supPp?y ANTICOINCIDENCE VOLUME
COLLIMATOR — FILLING VALVE
6 O-RING 2 PREAMPLIFERS

Detector &

BE WiINDOW ‘- 0.051 mm
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Source confusion issues
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mprovements from using modulation collimators
* Rotate the satellite and periodically occult the X-ray source
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* Rotating Modulation Collimator

f j Incident X-rays !
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* A number of smaller X-ray satellite missions (Ariel, SAS, OAO)
e All using PCs, some with modulation collimators

* Culminating eventually in the NASA High Energy Astronomy
Observatory missions:

— HEAO-1 (scanning collimation; first hard X-ray all-sky
survey)

— HEAO-2 (renamed Einstein Observatory; first imaging X-ray
telescope)

— HEAO-3 (cosmic rays)
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erent instruments

— A1: hard X-ray large area PCs
— A2: soft X-ray PCs
— A3: hard X-ray scanning PCs

— A4: gamma ray detectors

A-2
Cosmic X-ray
(Boldt/Garmire)

A-4
A-3 Hard X-ray and
Scanning low energy gamma
modulation > ray experiment
collimator (Peterson/Lewin)

(Gursky/Bradt)

A-1

Large area

X-ray survey
(Friedman)

HEAQ | experiment configuration.

Fee

R M it FREISTATA

:' '”’D"“-,: UNIVERSITY OF THE UFS
SAAO IR uv Observational X-ray Astronomy: 25 May 2021
Qbservatory g



Interface
and test
connectors

Proportional counters
Aspect electronics
assembly

4% x 4° Coarse
collimator

Main electronics
assembly

X-ray detector

Thermal shield

assembly
Film cassette —1 3(;,1“::‘ secon:}
access modulation collimator

Optical bench ™ { T g - ! ‘Aspect sensor
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120 Arc second
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collimator Experiment
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Any one of them could contain the source!
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e Total of ~1000 sources detected
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first imaging at 2-20 keV

* First use of mirrors to several instruments (5-200 cm?)

focus X-ray

* Grazing incidence optics
1000s of X-ray

sources, discovery
of jets (M87),
: spectroscopy
S\

. . CTB 109
Pointed observations

rather than all-sky survey

Softer energies
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Charge Multiplication: MCP

MCP Electron Gain

— Micro-Channel Plate
— Solid State Spectrometer

Incident X.ray Photes
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* German-UK-US collaboration

e Soft X-ray survey (0.2 — 2.5KeV)
e Greatly improved sensitivity
 ~80,000 sources

0.2-10 keV: 36 orders of
ROSAT all-sky survey (0.1-2.4 keV) magnitude in |um|:‘r;ssuy

e ¢ PKS 2126-150: Lx=5x10% ergis
7. % ;}‘Q\}‘. :ﬂ.;:‘_;;h Moon: Lx=7x10" ergls
NS \‘5— .{‘ 3 N
g v 03

Fig. 5. Aitoff projection of the distribution of all RBSC sources obtained in the ROSAT All-Sky Survey observations until
August 13, 1991 in galactic coordinates, The size of the symbols scales with the logarithm of the count-rate and the colours
represent 5 intervals of the hardness ratio HR1: red (=1 < HRL < —0.6); yellow (-0.6 < HR1 < =0.2); green (—=0.2 < HR1 <
0.2); blue (0.2 < HR1 < 0.6) and violet (0.6 < HR1 < 1.0).
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* Greatly improved sensitivity
e Also did first Extreme UV (EUV) survey
* Lots of source IDs and optical follow-up done at SAAO

National Research | South Afrcan
Foundation | Astronomical Observatory
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Key Points

X-ray telescopes use grazing reflections
Most modern detectors are arrays of CCDs
Energy of X-ray determines charge released in pixel

Use grating spectrometers for higher energy
resolution

Record position, energy, time of each photon

Observational X-ray Astronomy: 25 May 2021




New Millennium

e 1999 saw launch of Chandra and XMM-Newton

— NASA's Chandra hi h spatial resolution

I NJ AT N S 1 IWAT TN P I Ur.lu‘- Al 1 WwivAGIW I ]

— ESA's XMM high senS|t|V|ty

e 2005: Japan's Suzaku mission launched

— High resolution X-ray spectrometer failed after
launch, imager still performing useful science
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XMM-Newton 1999-

» 3 X-ray telescopes each with 58 nested Wolter
mirrors

» Effective area approx 0.4 m?
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solar Array (1) Surshiade Door
Spacecraft

Aspect Camera
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Chandra Results:
best resolution images to date

Chandra Deep F|eicl South (259 hours of Dbservation)
>3000 X-ray sources
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l X-ray CCDs I

* Energy of single X-ray sufficient to release many
electrons in pixel

 Charge on a pixel when read out gives energy of
photon

— Providing only one photon detected by pixel

« Even brightest X-ray sources emit few photons per
unit time compared to optical sources

* In a short exposure (~1s), each CCD pixel recelves O
or maybe 1 photon

e Long exposure built up from many short exposures
and readouts

* Record position, energy and time of each photon
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XMM-Newton 1999-

« 1 EPIC-pn Bl CCD camera
« 2 EPIC-MOS FI CCD cameras with gratmgs

4/ a0% Dispersed X-—rays

Grating Stack CCD Camera At
GG s ot Prime Focus

MOS1 CCD
damaged by

micrometeorite
in 2005
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Chandra ACIS

» ACIS Camera consists of 2 CCD arrays (1 & S)
» Optional transmission gratings disperse X-rays along

ACIS-S

» Use subset of 6 chips for observations

e 2 Bl CCDs, rest FI

— FI chips suffered radiation damage early in mission
— Slightly degraded energy resolution

I n

I I3

0

31 32 g3 34

ACIS-|

ACIS-S
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Time Resolution

 Time of arrival of photon determined from which short
exposure & readout it was detected In

* The time taken to shuffle the charges between pixels
to read out CCD places limit on time resolution

* Improve by only activating small part of CCD
— reduces readout time

— e.g. different timing modes of EPIC MOS camera
on XMM-Newton




X-ray Gratings

« While CCDs provide good energy resolution, high
energy resolution requires grating spectrometers

« Transmission or reflection gratings diffract X-rays

« Reflection gratings on XMM have ~650 lines/mm

MEG HEG

48
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I X-ray Data .

« X-ray observatories record position, time and energy
of every event detected in an events list

« Extract information we are interested in from events
list
— Take N(x,y) and make image
— Take N(t) and make lightcurve
— Take N(E) and make spectrum
* |n practice, perform additional filtering
— e.g. make image in particular energy band

— e.g. extract spectrum from spatial region
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* HXMT/Insight (3 instruments covering
1— 250 keV)

Area(cm2)
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.\ER +§ EXTNT
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Very efficient soft X-ray instrument
e Utilizing Si based detectors
* Installed on ISS in 2017
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2000

Most sensitive to X-ray
QPOs (2x XMM)

Most sensitive to soft X-ray
lines (better than gratings <
1 keV)

25x better timing than RXTE

Effective Area (cm?)
o
3

CCD-like energy resolution

High sensitivity to faint

1500

NICER CBE (EOM)
NICER Req.

, 100 cm’ @ 0.28 keV
1333 em’ @ 1.5 keV
| 30em' @ 9.7 keV

500

: \
sources (low bg) while N\
handling brightestsources 0
0.1 0
No Pileup (/) Energy (keV)
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Prime Targets: Galactic X-ray binaries
Flux can be>1Crab!

Driving largest programs in “observatory science” group

« Time variability constrains size-scales, magnetic activity (e.g., flares), accretiol
models, stochastic nature of systems

— Via Fourier and spectral-timing techniques: PDS spectra, reverberation, lag-spectra, el

«  Outflows, winds, and X-ray plasmas (column, ionization, abundance, warm
absorbers, density, temperature, launch mechanism & speed)

« Thermal features provide size constraints (spin, etc.)

*  Nonthermal emission, power-law and reflection components, constrains size-
scales, geometry of coronae, jets (spin, abundances, accretion variation,
jet/coronal geometry)
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Compact Binaries The next big thing: eROSITA

A sensitive hard X-ray instrument on-board Spectrum-Rontgen-Gamma satellite
(Russian — German collaboration

* Most sensitive survey yet of the entire sky (will survey 8 times over 4 years)

SRG/eROSITA e S 0.3-2.3 keV - RGB




Exploring the X-ray Universe: Frederick D. Seward & Philip A. Charles. Cambridge
University Press (2010)

The Universe in X-rays: Joachim E. Trimper & Glnther Hasinger (eds). Springer
(2008).

Some of these slides were provided courtesy of Phil Charles
(Southampton Uni.) & Jack Steiner (MIT)
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