
  

Part 3.      THEORY    



  

The theory of different emission processes 
across astrophysical objects:

 Solar system objects
 Nuclear Burning Stars
 White Dwarfs 
 Cataclysmic Variables 
 Classical Novae 
 Pulsars and Isolated Neutron Stars
 Accreting Neutrons Stars and Black Hole binaries
 Supernova Remnants
 Interstellar Medium 
 Galactic Center 

 Nearby Galaxies
 Active Galactic Nuclei 
 Clusters of Galaxies
 Gamma- Ray Bursts
 Cosmic X-ray Background                   
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1963 – Riccardo Giacconi with collaborators have
made
            the first X-ray image of the Sun
            using small Wolter telescope 
            on the board of rocket. 



  

GOES Solar X-ray Imager:
June 8, 2004 

Venus transit.

Solar corona is hot (107 K)
to emit soft X-rays  (1 keV).

Variability on the wide variety
of time scales, ranging from 
minutes, due to solar flares, 
to decades, due to solar cycle.

1. Solar System Objects:

The Sun is responsible for practically all of the X-ray radiation 
found in the Solar System !!!

X-ray luminosity less than optical luminosity by the factor of  107.  



  

NuSTARNuSTAR  hard X-rays 3-6 keV – blue  



  

This radiation irradiates other objects. Some photons are
scattered elastically or by fluorescence.

Several regimes of 
scattering: 

- energy regime 
  depends if matter 
  is thermalized or not

- usually low-energy
  means low temperature
  of matter 
   
- but very often low-energy
  means low energy of 
  photons 



  

This radiation irradiates other objects. Some photons are
scattered elastically or by fluorescence.

When the matter is relatively neutral (low temperature), elastic
scattering depends on albedo and it is similar like for optical light.

In Solar System, when we deal with ions or free electrons in very
low density regime – solar wind, scattering is usually elastic in
Thomson regime. Un-elastic Compton scattering needs higher
densities. 

Differential cross section:



  

This radiation irradiates other objects. Some photons are
scattered elastically or by fluorescence.

The second is much easier realized for X-rays.

Fluorescence:

The energies of line centroids of many heavy elements for
innermost K shell atom orbits belong to the soft X-ray band.    
C5 – 0.302 keV; C6 0.367 keV; O7 – 0.568 keV;  O8 – 0.653keV 



  

The probability that the
emitted photon will
escape atom and it will
not be absorbed by
electrons from higher
shells. 

Absorption on higher shells – 
Auger's  effect



  

Energy of the line centroid
depends on the level of 
ionization, for iron:

An example of illuminated 
(an accretion disk) atmosphere:



  

Moon:

Chandra 2003

From the bright side of the moon
we see mostly fluorescence 
due to heavy elements. 



  

Solar wind:

Contains mainly H and
He ions and electrons,
plus 0.1% of heavy
elements highly ionized.
Wind is ejected 100 km/s
and usually there is no 
charge to recombine. 

But if the density of electrons or neutral H He gas becomes higher,
charge transfer (exchange) process becomes important.  



  

Geocorona – extended 
tenuous cloud of H 
around the Earth
observed in EUV 
because of fluorescent 
L

α 
 scattering of 

solar EUV radiation:

Three parts constitute
X-ray properties of Earth:

 1) auroral oval
 2) reflection from the Sun
 3) the geocorona. 



  

Aurora seen by Chandra:

Earth magnetic field can accelerate electrons which are 
decelerated in the planetary atmosphere. 



  

Observing other objects of our Solar System we cannot get 
out of Earth Geocorona. 

Three components:
 
1) scattering of solar X-rays
    (fluorescence),
2) shadowing of the diffuse
    cosmic bkgr. on the dark side,  
3) excess X-rays at the 
    dark side due to X-ray 
    emission from the geocorona.



  

Chandra observations of the dark side of the moon

Wargelin+ 2004

Modeled Charge
Transfer lines:



  

Comets are very efficient emitters of X-rays by CT process:

Tenuous cometary coma has free electrons producing large 
cross section, about 3 x 10-15 cm2 for charge transfer process.

C/1999 S4 Linear                              P9 Templet 1
Chandra 2000                                   Chandra 2005  

XMM-Newton
Wegmann+ 2004
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Planets:

Fluorescence on Oxygen atoms: 

 Mars Chandra 2001                                           Venus Chandra 2001 



  

Jupiter:

Chandra 2005

Auroral X-rays due to highly charged particles crashing into
the atmosphere above Jupiter's poles



  

Saturn: Branduardi-Raymont+ 2010

Chandra image of Saturn reflects
Sun activity. Oxygen line 
is prominent. No auroral emission
is present in south pole.  



  

First X-ray image of Saturn's moon Titan, seen in absorption 
in front of the Crab nebula, taken with Chandra 2003. 
This observation made it possible to measure Titan's 
atmospheric extent at X-ray wavelengths.  880 km for the
height of the X-ray absorbing region above Titan's atmosphere.



  

Nuclear burning stars:

Solar corona – production of forbidden transitions of highly ionized
                         atoms, which requires temperatures in excess of 
                         1 MK – coronal lines.

Outer layers of the Sun are much hotter, but the heating process
is still the holy grail of solar coronal physics.  

Sylwester+ 2010



  

Magnetic heating of solar corona universally accepted: 

Magnetic dynamo operating in or at the base of a convection zone.
αΩ – dynamo on the border of radiative and convective zone.



  

X-ray observations can be a key diagnostic for magnetic activity:

Stellar coroane cannot be angularly resolved – only in eclipsing 
binaries, where size information can be inferred from light curve
analysis:

Beppo Sax lightcurves of Agol in different 
energy bands.

Cool secondary observed in the front of B star. Around phase 1.5
X-ray dark primary is in front of the X-ray emitting secondary. 



  

Solar-Stellar connection: cool field stars around Sun:

RASS – ROSAT All Sky Survey, spatially compete but 
              flux limited all-sky survey (low luminosity objects
              Are not taken into account properly).

NEXXUS data base – volume limited samples were constructed
                                    For F, G, and M dwarfs. Together with RASS
                                    Gives complete survey up to M

V
=20 mag.

Formation of X-ray emitting 
coronae appears to be 
universal for solar-like MS stars, 
X-ray dark solar-like stars 
do not exist.
 
F X ,limit≈104 erg cm−2 s−1



  

Color-magnitude diagram of RASS detected BSC and
Gliese stars



  

Connection of X-ray emission with other stellar parameters:

Pizzolato+2003 

Saturation limit:

For slowly rotating stars with periods longer than ≈ 5 days,
the observed  X-ray luminosity scales inversely with period. 
Explanation in long term variability … cycles needed.... 

LX /Lbol~10−3



  

Connection of X-ray emission with other stellar parameters:

Pizzolato+2003 



  

Intermediate-Mass Stars:

Spectral type A stars are devoid 
of outer convection zone, and 
should hence not display any 
coronal emission. A stars and 
late-B stars also have weak 
stellar winds, so no mechanism 
to emit X-rays.

Prototypical A star Vega is 
hard to detect in X-rays. 
Upper limit is 
          LX~5.5×1025 erg s−1

αCrB – late-type secondary
A0V – early-type primary



  

Coronal age-activity relation:  Open Clusters:

The exploration of the consequences of the enhanced UV/X-ray
and particles fluxes in the early solar system has become vital 
for an understanding of planet formation. 



  
GJ 176: A Sun-like Star More than a Billion Years Old. Credit: X-ray: NASA/CXC/Queens Univ. of Belfast/R. 
Booth, et al.; Illustration: NASA/CXC/M. Weiss

 The new study uses X-ray data from Chandra and XMM-Newton 

show a decrease in X-ray brightness surprisingly quickly.



  

Close Binaries:

Rapid rotation can usually produces significant activity 
and large X-ray fluxes; all cool stars follow this rule:

Young, single stars or noninteracting systems with old 
companions rapidly rotating.

RS Cvn-type binaries – two usually evolved, but detached 
              late type stars, with P from few days up to 2 weeks. 
             The rotation and orbital period are synchronized. 
             X-ray activity four orders of magnitude higher than Sun. 

Agol systems – early type primary, but late type rapidly rotating 
             companion.

WUMa – two close late-type stars within a common envelope 
             and typical periods of the order of days. Rapid rotation 
             provides to large X-ray luminosities up to 1032 erg/s.



  

Very low-mass (VLM) stars and brown dwarfs: fully convective:

In such fully convective stars, a solar-like dynamo cannot operate
since there is no radiative core (for stars below 0.35 M

sun
).

Magnetic activity plus 
rotation may provide 
to X-ray emission.
 
Difficult to search because 
of the considerable 
distance.
 



  

Almost all detections of evolved ultracool dwarfs are 
attributed to flares and it has remained unclear whether VLM 
stars and brown dwarfs are capable of producing quiescent, 
persistent X-ray emission. Gl569 Bab – two  brown dwarfs 
around a main sequence star – triple  system.    

Very low-mass (VLM) stars and brown dwarfs: fully convective:

XMM-Newton,  Stelzer 2004



  

Hands-on exercise #3:



  

The same lecture on Jan. 3The same lecture on Jan. 3rdrd 2023 2023

NEXT   NEW LECTURE   on    Jan.  5NEXT   NEW LECTURE   on    Jan.  5thth  2023  2023 

- Overview of HW#5 

- theory, but we still practice - theory, but we still practice 

wi-fi password:    a w sercu maj
We have eduroameduroam as well  

 


