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      Introduction

      This course begins by studying evidence leading to our basic hypothesis that active galactic nuclei (AGN) are accreting, supermassive
        black holes. It also covers some physics of radiation which you will need to be able to interpret the observed emission of
        AGN, and includes an examination of AGN.
      

      You will be studying a young subject and there are fundamental issues which are still being vigorously debated by the experts
        and are subject to current research activity. Consequently, it is not possible to give clear definitive explanations of all
        aspects of the subject.
      

      You may already have become accustomed to reading unfamiliar words and phrases. In this course, you will not only encounter
        new and specialised vocabulary, you will meet ideas which are currently being shaped and tested. Do not be dismayed if you
        fail to immediately grasp the underlying principles behind some of the material you will read: it is possible no-one has yet
        elucidated them!
      

      This OpenLearn course provides a sample of Level 3 study in Science.
      

    

  
    
      Learning outcomes

      After studying this course, you should be able to:

      
        	recognise the terminology which is used to describe the properties and behaviour of active galactic nuclei (AGN)

      

      
        	manipulate numbers, algebraic symbols and mathematical functions in equations.

      

    

  
    
      1 Meet your first active galactic nuclei

       Figure 1 compares two nearby spiral galaxies of similar distance and type. NGC 5548, on the left, has a brighter nucleus than that
        of NGC 3277, on the right. This extra emission from the central regions of NGC 5548 is not generated by stars. Instead this
        light is thought to be ultimately powered by material falling in the gravitational field of a supermassive black hole at the
        centre of NGC 5548. Similar non-stellar emission is also seen at the centre of many other galaxies. These bright central regions
        are generally known as active galactic nuclei or AGN. In this course you will gain an overview of these enormously energetic objects and how they are observed and studied.
      

      
        [image: Figure 1]

        Figure 1 Optical images of the nearby spiral galaxies (a) NGC 5548, (b) NGC 3277. Note that the nucleus in NGC 5548 appears
          brighter than that in NGC 3277. It is the very concentrated bright central source in NGC 5548 which causes the diffraction
          pattern apparent as the diagonal spikes emanating from the centre of image (a)
        

      

      The first AGN was discovered in 1908 when E. A. Fath took a spectrum of M77, also known as NGC 1068. This nearby spiral galaxy
        is shown in Figure 2. Carl Seyfert was the first to realise that there were other similar galaxies, when he discovered that NGC 1275, NGC 3516,
        NGC 4015, NGC 4151 and NGC 7469 all had spectra similar to that of NGC 1068. Consequently these objects, and others like them,
        are called Seyfert galaxies.
      

      
        [image: Figure 2]

        Figure 2 An optical image of Messier 77, also known as NGC 1068. This image was produced by combining exposures made with
          several different filters to give the colour, and has been processed to reduce the contrast between the brightest and faintest
          regions, so that more of the detailed structure is visible
        

      

    

  
    
      2 Black holes: a reminder

      You may have previously met the formation of a black hole at the end of the life of a massive star. Accreting black holes,
        which were formed in this way, are members of close binary star systems.
      

      A black hole is formed when self-gravity causes material to collapse to such high densities that the escape speed (or escape velocity) reaches the speed of light. Using Newtonian dynamics we can calculate the magnitude of the escape velocity from planet Earth
        (mass M E, radius R E) by saying that the kinetic energy of a mass m travelling vertically upwards with speed [image: ]esc must equal the change in gravitational potential energy required to completely escape from the Earth's gravitational field,
        i.e.[image: ] 
      

      Cancelling the common factor m and recognising that the second term on the right-hand side is zero, this becomes:[image: ]which means
      

      
        [image: ]

      

       

      To self-consistently calculate the magnitude of the escape velocity from an object with a density so high that the escape
        velocity reaches the speed of light requires the use of general relativity, which is beyond the scope of this course. By a
        lucky coincidence, however, the correct general relativistic result is exactly what we obtain by setting [image: ]esc = c in Equation 1. That is to say, a black hole is formed when a mass M collapses to within a sphere of radius RS, where
      

      
        [image: ]

      

      RS is the Schwarzschild radius, which is the radius of the sphere surrounding the collapsed mass at which the escape speed equals the speed of light. Within
        this sphere is a region of spacetime which is cut off from the rest of the Universe, since neither light nor any other form
        of information can escape from it. The sphere itself is known as the event horizon. Immediately outside the event horizon is a region of spacetime in which there is an extremely strong gravitational field.
      

      A black hole forms at the end of the life of a massive star because there is no pressure source sufficient to oppose the self-gravitational
        contraction of the remnant star core. Similarly, if a much larger mass collapsed under self-gravity, a black hole would ultimately
        form, and indeed it is now thought that black holes of mass M  [image: ] 106M[image: ] are present at the cores of most (or possibly all) galaxies.
      

    

  
    
      3 AGN reside at the centres of galaxies

      
        3.1 AGNs

        It is clear that the objects studied by Fath and Seyfert, such as those shown in Figure 1 and Figure 2, are bright nuclei at the centres of apparently otherwise normal galaxies. For many AGN this fact is not immediately obvious.
          One of the two bright objects in Figure 3 is an AGN, the other is a foreground star in our own Galaxy. It is impossible to tell from the image which is which. Like
          many AGN, this one appears as a point source of light, just as stars do. Hence their discoverers called these objects quasi-stellar objects or QSOs, which have been contracted to quasars. Seyferts and quasars are among the subclasses of AGN.
        

        Initially only AGN which were detected as radio sources were called quasars as opposed to QSOs. Now most astronomers use the
          terms interchangeably.
        

        
          [image: Figure 3]

          Figure 3 This image, taken by the Hubble Space Telescope, shows two very bright objects which appear to be point sources of
            light. Both these bright objects show diagonal spikes which are caused by diffraction of light within the telescope. The bright
            object at the centre of the image is an AGN, the other bright object (to the right of the AGN) is a forground star in our
            own Galaxy. Also apparent is a faint elliptical galaxy just above the AGN, a distorted spiral galaxy towards the top of the
            image, and a scattering of other galaxies
          

        

      

      
        3.2 QSO spectra

        It only became apparent that these quasi-stellar objects were not stars when their spectra were examined. At first astronomers
          could not interpret their spectra because the spectral lines did not appear at appropriate wavelengths for atoms of any known
          chemical element. The spectrum shown in Figure 4 provided the breakthrough: Maarten Schmidt identified the three indicated lines as common emission lines of hydrogen, but
          redshifted by a factor
        

        
          [image: ]

        

        where z is redshift;
        

        ∆λ is wavelength shift;

        λ0 is rest wavelength.
        

        
          [image: Figure 4]

          Figure 4 An historic QSO optical spectrum, which was taken using a photographic plate. The darker areas are regions where
            the intensity of light is higher. The top rectangle is the spectrum of the radio galaxy 3C 273, while the lower rectangle
            is the spectrum of a comparison emission line source. In both spectra three common lines of hydrogen have been indicated.
            The lines in the spectrum of 3C 273 appear at a redshift z = 0.158
          

        

        If this redshift is interpreted as cosmological (i.e. due to the overall expansion of the Universe described by Hubble's law)
          then the distances to these QSOs are huge, and their luminosities prodigious. For example, Schmidt's redshift measurement
          would imply that the point optical source 3C 273 is 100 times as luminous as the entire Milky Way Galaxy! Naturally there
          was some reluctance to adopt this interpretation, and a few sceptics vigorously persisted into the 1980s in advocating the
          view that the QSOs were much closer than Hubble's law would imply.
        

        
          
            SAQ 1

          

          
            
              
                Question: How would these sceptics have explained the measured redshifts of QSOs?
                

              

            

            View answer - SAQ 1

          

        

        Just as in democratic politics, the scientists who argue a minority viewpoint perform an invaluable function by ensuring that
          the accepted view indeed stands up to all possible rational criticism. Any scientist who has never been proved wrong has probably
          had a very dull career.
        

      

      
        3.3 Luminosities

        The issue of whether QSO redshifts are of cosmological origin was unambiguously settled by the work illustrated in Figure 5 (particularly the two leftmost panels). When sensitive enough observations are made, the galaxies in which the quasars reside
          can be detected. The relatively faint emission from the surrounding stars, gas and dust is called quasar fuzz. Since quasar fuzz is clearly emission from distant galaxies, each with the same redshift as the quasar they contain, the
          redshifts of quasars must be cosmological.
        

        
          [image: Figure 5]

          Figure 5 Images taken with the Hubble Space Telescope of six quasars

        

        In each case in Figure 5 the quasar itself was overexposed, so that very faint emission surrounding the central point source
            could be detected. In each case shown in Figure 5 faint nearby emission was discovered from stars in a galaxy. (Top left)
            PG 0052+251 lies at the centre of a normal spiral galaxy. (Top centre) IRAS 04505–2958 (the central source) has apparently
            recently collided with the spiral galaxy whose remains lie towards the bottom of the image. The distance between the quasar
            and the galaxy is one-seventh the diameter of our Milky Way. (Top right) The plumes of emission are from dust and gas which
            PG 1012+008 has apparently captured in a collision with a nearby galaxy. (Bottom left) PHL 909 is at the centre of a normal
            elliptical galaxy. (Bottom centre) The quasar PG 1012+008, at the centre of the image, is merging with the galaxy whose core
            is the bright object just below it. Wisps of dust and gas show material which is being pulled away from the galaxy by the
            quasar's gravity. (Bottom right) IRAS 13218+0552 appears to be at the centre of two galaxies which have merged.

        Once we accept that the redshifts of quasars are cosmological, there is no way to avoid the conclusion that they have huge
          luminosities. The emission from the quasar PG 0052+251, shown in the top-left panel of Figure 5, is clearly brighter than that of the entire surrounding host galaxy, even though in this image the quasar itself is overexposed.
        

        The observation that the active nuclei of even the closest Seyfert galaxies appear as unresolved point sources of the light
          immediately suggests that the luminosity of an AGN is generated within a volume which is small compared to the size of a galaxy.
          More stringent limits on the size of the emitting region in AGN arise from considering their variability (i.e. how the luminosity
          changes with time). In some sources the luminosity changes significantly over a few days. This means that the time, ∆t, for light to travel across the entire source must be only a few days, because otherwise the changes in luminosity would
          be smoothed out by the delayed arrival times of the photons from the more distant regions of the source. This can be expressed
          mathematically by the general requirement that
        

        
          [image: ]

        

        where l is the size of the emitting source and ∆t is the timescale for observed variability. Using this to work out the size limit corresponding to a light travel time of a few days we have:[image: ]where we have adopted ∆t = 10 days, converted this into seconds, and used an approximate value for the speed of light: c≈3 × 1010 cm s−1. Evaluating, and retaining only 1 significant figure, we have[image: ]which can be converted into length units more convenient for astronomical objects:[image: ] 
        

      

      
        3.4 The Eddington Limit

        Thus the observations require that a luminosity of around 100 times that of the entire Milky Way Galaxy be generated within
          a region with a diameter only about 1000 times that of the Earth's orbit! (A truly amazing statement.)
        

        The most obvious mechanism for generating such enormous luminosity within such a tiny region of space is an accretion process,
          but instead of perhaps more familiar compact stars with masses ~M[image: ], the accreting object is required to be a black hole with mass M ~ 108M[image: ]. The accretion luminosity, L	acc, generated by an object of mass M and radius R* is
        

        
          [image: ]

        

        where [image: ] ( = dM/dT) is the accretion rate.
        

        
          
            SAQ 2

          

          
            
              
                Question: Why are astronomers forced to infer the existence of supermassive black holes rather than attributing the luminosity of
                  quasars to a very high accretion rate onto a mass M ~ M[image: ]?
                

              

            

            View answer - SAQ 2

          

        

        Sir Arthur Eddington (Figure 6) was responsible for many of the underpinnings of modern astrophysics, including the concept of the limiting Eddington luminosity.
          Beyond this limit, radiation pressure will cause outflow.
        

        
          [image: Figure 6]

          Figure 6 Portrait of Sir Arthur Eddington

        

        
          
            Activity 1: Context: AGN, a developing research field

          

          
            
              Read the following extract, which sets the contents of this course in the context of accretion in binary stars.

              
                
                  Observations

                

                
                  Accretion on to stellar mass objects occurs in a wide variety of systems and yields a wide variety of observational behaviour.
                    While there may be many arguments over detailed models, the broad basis of these differences is largely understood. Active galactic nuclei also come in many observed forms. From an observational viewpoint, they can be defined as apparently stellar sources but
                    with non-thermal spectra, and, in cases where they can be determined, significant redshifts. Beyond this, we find a wide variety
                    of properties, which we shall classify in more detail below. But in these cases it is not at all clear how these differences
                    arise, or, indeed, whether one is even dealing with variants of a single basic model. We shall argue that the sources are
                    all manifestations of accretion on to supermassive black holes (of order 108 M[image: ]), although even this is still not universally accepted. Furthermore, for stellar-mass objects, at least in some cases, we
                    have a complete picture of the system even if some of the details are missing. In no case do we have anything comparable for
                    active galactic nuclei. That is not to say that there are no aspects of active galactic nuclei that are thought to be fairly
                    well understood, but those that are do not include the mechanism of the basic energy source. Thus we have to try to extract
                    from the available data what clues we can to the nature of the central engine. … On the other hand, once one gets beyond the
                    inner engine a consensus appears to be emerging on a standard picture, a so-called unified model, in terms of which one can
                    begin to account for the variety of active galactic phenomena.
                  

                  Source: J. Frank, A. King & D. Raine, Accretion Power in Astrophysics, 3rd edition, Cambridge UP 2002, p. 213.
                  

                

              

            

            View discussion - Activity 1: Context: AGN, a developing research field

          

        

        
          
            Activity 2

          

          
            
              Now read the preface of Peterson (An introduction to active galactiv nuclei), omitting the last paragraph.
              

              Phenomenology is a term you may not have encountered before. It is an endeavour which lies somewhere between observation and theory. The
                observations are described and characterised, and underlying causes are sought, but there isn't a rigorous theory.
              

              Keywords: none

            

          

        

        
          
            Question 1

          

          
            
              What is thought to be the energy source which powers active galaxies? See if you can answer this using the astrophysics terms
                you have learned, and then try to write another answer using only mainstream physics vocabulary.
              

            

            View answer - Question 1

          

        

      

      
        3.5 Example 1

        (a) A gravitationally bound uniform density sphere, of radius r, is composed of a large number of subelements, with total mass M. Use the virial theorem,
        

        
          [image: ]

        

        The gravitational energy is given by[image: ]where G is Newton's constant of gravitation, and that the kinetic energy is[image: ] 
        

        Here we have used the angle brackets [image: ] to indicate a mean, typical, or expected value of the quantity enclosed. The right-hand side of the expression for EKE comes from summing up all the individual [image: ]  m[image: ]2 contributions, giving the total mass multiplied by the typical value of [image: ]2. The [image: ] in the equation indicates the velocity dispersion, i.e. how fast the subelements of the gravitationally bound system are moving with respect to the centre of gravity.
        

        Show that the typical velocity, [image: ], of a subelement is related to M according to:
        

        
          [image: ]

        

        (b) Astronomers observing a Seyfert galaxy obtain some spectra and high-quality images, in which the light from a point source
          was spread over only a fraction of an arc second. Despite the excellent spatial resolution of the images, the nucleus of the
          galaxy is unresolved, and hence its size is known to be r < 50 pc. The emission lines have full width at zero intensity of 6000 km s−1. Estimate the mass of the central black hole.
        

         Solution 
        

        (a) Substituting the above expressions into Equation 5 we obtain:[image: ]Making [image: ][image: ]2[image: ] the subject of the equation, therefore[image: ] 
        

        Since measurements of [image: ][image: ]2[image: ] in extragalactic astrophysics are often somewhat imprecise, we can ignore the difference between 3/5 and 1, and hence we
          obtain[image: ]as required.
        

        (b) We can apply this approximate version of the virial theorem to the observations of the Seyfert galaxy. From the information
          given, we need to substitute values of r and [image: ] to make the estimate. We are told r is the ‘size’ of the nucleus, which you could think of as its diameter, however in estimates of this type astronomers are
          often vague about distinctions between quantities such as radius and diameter. Such distinctions are unnecessary whenever
          the calculation includes unavoidable uncertainties much greater than a factor of 2.
        

        Clearly we can use the upper limit on r straight from the information supplied, but we should work in consistent units. Since Peterson adopts the cgs system, we
          will generally adopt it in this course, and will use this example to illustrate how (just as in SI) systematic use of the
          cgs system will give you answers in the appropriate cgs unit. The full width of the emission lines gives us an indication
          of the velocity dispersion, and the value of the full width is 6000 km s−1. This presumably means that some material is moving away from us at 3000 km s−1, while other material is moving towards us at this speed. Therefore a value of [image: ] = 3000 km s−1 seems an appropriate estimate. (Note: Since [image: ] is going to be squared to give our mass estimate, we keep the factor of 2 here.)
        

        We now have values for both the unknowns, but we must convert them into cgs units. Recalling that ‘cgs’ stands for ‘centimetre-grams-seconds’,
          the cgs unit of length is clearly the centimetre (cm); similarly, the cgs unit of velocity is centimetres per second (cm s−1). Therefore we need to convert from parsecs (pc) to centimetres (cm).
        

        1 pc = 3.086 × 1016 m, and 100 cm = 1 m, therefore 1 pc = 3.086 × 1018 cm. Since none of the measurements we are given have more than 1 significant figure, and we are asked only for an estimate,
          it is probably safe in this instance to use 1 pc = 3 × 1018 cm. In other calculations you may need to use higher precision.
        

        Using this conversion factor, r < 50 pc becomes r < 50 × 3 × 1018 cm, i.e. r < 1.5 × 1019 cm. Similarly we should express [image: ] in cgs units by converting km s−1 into cm s−1. Since 1 km = 1 × 103 m, and 100 cm = 1 m, 1 km = 1 × 105 cm, [image: ] = 3000 km s−1 becomes [image: ] = 3000 × 105 cm s−1, i.e. [image: ] = 3 × 108 cm s−1.
        

        Substituting in these values, therefore,

        
          [image: ]

        

        The symbol ‘ [image: ]’ is used to indicate ‘less than approximately’. The ‘less than’ is because r < 1.5 × 1019 cm, and the ‘approximately’ because we have used estimates. Cancelling units and multiplying out numbers we arrive at the
          estimate:
        

             M  [image: ] 2 × 1043g.
        

        This has provided the mass estimate we wanted, but this is not exactly the answer Peterson would have given. The example above
          uses pure cgs units, but in fact if you return to Peterson, you will see that velocities are generally measured in km s−1, and masses in M[image: ]. These units are generally used by astronomers, irrespective of whether they are working in the SI or cgs system, because
          they are the most convenient (and easily visualised) choice. Hence we will convert the mass above from grams into solar masses.
          Noting that 1M[image: ] ≈ 2 × 1030 kg ≈ 2 × 1033 g, we obtain[image: ]which reduces to[image: ]Therefore we conclude that the mass of the central black hole is less than but comparable to the mass of 10 billion stars
          like the Sun. Hence the label supermassive seems to be justified.
        

        
          
            Question 2

          

          
            
              What assumption is implied in the use of the virial argument in Example 1? Do you think the assumption is justified?

            

            View answer - Question 2

          

        

      

    

  
    
      4 Black holes at the centres of ordinary galaxies

      
        4.1 The Milky Way

         Figure 1 showed two spiral galaxies: NGC 5548, which has an active nucleus, and NGC 3277 which does not. If we accept that AGN are
          the result of accretion on to supermassive black holes at the centres of the galaxies which harbour them, it is natural to
          ask the question whether galaxies like NGC 3277, which do not have active nuclei, are without central supermassive black holes,
          or simply without significant amounts of accretion on to their central black holes. Recent observations have made it clear
          that in some cases at least, apparently ordinary non-AGN galaxies seem to harbour supermassive black holes at their centres.
        

        Perhaps most dramatic is the evidence for a supermassive black hole at the centre of our own Milky Way Galaxy. It is impossible
          to study the centre of our Galaxy in optical light because there is lots of gas and dust in the plane of the Galaxy which
          obscures our view of the central regions. At other wavelengths, however, the optical depth is less, and it has long been known
          that the centre of our Galaxy harbours a compact radio source which is called Sgr A* (pronounced ‘sadj ay-star’), and is shown
          in Figure 7. Apart from Sgr A*, the radio emission from the centre of our Galaxy is diffuse and filamentary. The stars near the centre
          of the Galaxy are not visible because they are not strong radio sources. The infrared (IR) view shown in Figure 8 is very different. The IR image shown in Figure 8 is diffraction-limited, and gives a resolution of 0.15 arcsec. The blobs are individual stars within 0.02 pc of the Sgr A* radio source, whose position
          is marked with the small cross at the centre of Figure 8.
        

        
          [image: Figure 7]

          Figure 7 A radio image of the centre of the Milky Way Galaxy. White areas indicate intense radio emission and the red and
            black areas are progressively less intense. This image was taken with the Very Large Array (VLA) by Jun-Hui Zhao and W. M.
            Goss. The white dot at the centre of the image is the Sgr A* compact radio source
          

        

        
          [image: Figure 8]

          Figure 8 A high spatial-resolution K-band image of the central regions of our own Galaxy. The bright blobs are individual
            stars. The small cross at the centre of the image shows the position of the compact radio source Sgr A*
          

        

        
          
            SAQ 3

          

          
            
              
                Question: How do the scales of the images in Figure 7 and Figure 8 compare?
                

              

            

            View answer - SAQ 3

          

        

         Figure 8 is one frame of the short animation you will see in Activity 3. The animation shows a series of high spatial resolution infrared images of the centre of our Galaxy, which were taken during
          the 1990s. The motions of individual stars are clearly apparent. By measuring these motions, the strength of the gravitational
          field experienced by the stars can be deduced. This is analogous to the determination of the Sun's gravitational field (and
          hence the Sun's mass) by studying the orbits of the planets in the Solar System. As you will see in the animation, however,
          the stars at the centre of the galaxy are not neatly aligned in a plane analogous to the ecliptic in the Solar System. Instead,
          the stars follow randomly oriented orbits, and the virial theorem rather than Kepler's third law is used to deduce the gravitational
          field. The motions you will see in Activity 3 require the presence of a dark body with mass 2.45 ± 0.4 × 106M[image: ] at the centre of our Galaxy. This dark central body is almost certainly a black hole.
        

      

      
        4.2 Activity 3: Stars orbiting our local supermassive black hole

        
          
            Activity 3

          

          
            
              Read through the following notes, and then watch the animation below.

              Keywords: speckle imaging, enclosed mass

              Stellar proper motions in the central 0.1 pc of the Galaxy

              The animation shows the proper motions of stars near to the centre of our Galaxy over the course of about ten years between
                1992 and 2002. The field of view seen here in this infra red image is about 3 arc seconds along each side, which corresponds
                to a linear scale of about 0.1 pc at the distance of the galactic centre.
              

              The individual frames which comprise this movie are each the result of adding together several thousand images with individual
                exposure times of around 0.3s to 0.5s. With conventional, longer exposure times, the motion of pockets of air in the Earth's
                atmosphere will cause a variable refraction of the light rays from each point in the field of view, and so cause the images
                of point sources (stars) to become slightly blurred. In contrast, this so called speckle imaging technique can remove much of the effect of atmospheric distortions by using such short exposures that the motion of pockets
                of air is negligible within the exposure time. By carefully aligning all the thousands of short exposure time speckle images,
                the resulting point spread function, which characterises the extent of the image of a point source, is only 0.15 arc seconds
                wide in these frames instead of the more typical 1 arc second in the best conventional ground-based imaging.
              

              The fastest moving stars seen here are those closest to the yellow cross which marks the position of Sgr A*, the presumed
                supermassive black hole at the centre of the Galaxy. Some of these stars have speeds in excess of 1500 km s−1. Taking account of all the stellar motions seen, the implication is that the enclosed mass within < 0.015 pc of Sgr A* is 2.45 × 106 M[image: ] – and this probably takes the form of a single massive blackhole.
              

              The journal paper which first reported these results is ‘Stellar proper motions in the central 0.1pc of the Galaxy’ by A.
                Eckart and R. Genzel which appeared in the Monthly Notices of the Royal Astronomical Society, volume 284, pages 576–598, in 1997. A copy of this paper is availableif you wish to read more details of their research.
              

              The following short animation was made by Thomas Ott and Rainer Schoedel, copyright © Max-Plank-Institut für extraterrestriche
                Physik. Please note that some of the stellar motions indicated are still subject to analysis and should be regarded as of
                an illustrative nature. 
              

              View their research web pages at http://www.mpe.mpg.de/www_ir/GC/index.html

              Please note that this animation will loop, please press pause when you are ready to stop the animation.

              
                Star motion clip

              

            

          

        

      

    

  
    
      5 Distances in extragalactic astronomy

      Recall Hubble's law:
      

      
        [image: ]

      

       

      This relationship between redshift, z, of a distant galaxy which is given by
      

      
        [image: ]

      

      and its distance, d, from us arises because space is expanding. When the large redshifts of quasars were first discovered, there was naturally
        some reluctance to straightforwardly apply Hubble's law to them because the distances, and consequently the inferred luminosities
        were enormous. In fact, quasars are the most intrinsically luminous persistently bright objects we have discovered, and the
        most distant quasars are the most distant individual objects we know about. Consequently, active galaxies are of fundamental
        importance to cosmology, the study of the Universe as a whole. Cosmology is a huge subject and here in S381_1 we will focus on the active galaxies
        themselves, using only those cosmological ideas necessary to understand them.
      

      The astronomical research required to determine the value of the Hubble constant, H0, and thereby calibrate the extragalactic distance scale has filled entire textbooks, and we will not discuss it in this course,
        focusing instead on astrophysics. In this course we will generally adopt the same approach as Peterson, and use h0 to represent the value of the Hubble constant in units of 100 km s−1 Mpc−1, i.e.
      

      
        [image: ]

      

       

      At the time of writing, astronomers favoured a value of around H0 = 60 km s−1 Mpc−1, i.e. h0 = 0.6, but this is continuously being debated and refined as new observations are made. Wherever a result is strongly dependent
        on the value of the Hubble constant, h0 will appear explicitly.
      

      The Hubble time is the inverse of H0. If the Universe has always expanded at a constant rate, this is the time required for the Universe to expand from the Big
        Bang to its current size. The Hubble ‘constant’ has probably actually changed over time since the Big Bang, with the deceleration parameter, q0, describing the change in the expansion rate.
      

      
        
          Question 3

        

        
          
            What is meant by the ‘cosmological redshift’?

          

          View answer - Question 3

        

      

    

  
    
      6 The key questions

      Some of the most important issues which astronomers working in this field are currently trying to resolve are:

      
        	 
          How and when did the supermassive black holes at the centres of galaxies form?
 
        

        	 
          What role did the central black holes play in the formation of galaxies?
 
        

        	 
          To what extent are the observed differences between AGN attributable to the orientation at which we view them?
 
        

        	 
          What governs the evolution of individual AGN, and of the Universe's population of AGN?
 
        

        	 
          Is there a link between AGN and star formation?
 
        

      

      These points are covered in more detail in Block 4 of the Open University course, S381 The Energetic Universe, from which this course is taken.
      

    

  
    
      7 Continuum emission processes

      
        7.1 Blackbody radiation

        Interpretation of the light astronomers collect from AGN depends on understanding the physical processes leading to the emission
          of that light. Because the conditions in the emitting regions of AGN are very different from those on the surface of the Earth,
          some of these processes may be entirely unfamiliar to you. This subsection begins with a discussion of blackbody radiation,
          which should be familiar, and covers material which you will need to appreciate Peterson's discussion of AGN.
        

        Blackbody radiation is in thermal equilibrium with matter at a fixed temperature. Often the emission from astronomical objects
          is a close approximation to this thermal radiation. Many thermal sources of radiation, for instance stars, have spectra which resemble the blackbody spectrum, which is mathematically
          described by the Planck function. The spectrum of an accretion disc can be modelled as the sum of blackbody spectra of varying
          temperature, and this work can be applied to accretion discs in AGN as well as those in binary star systems.
        

        The blackbody spectra shown in Figure 9 illustrate the way that the spectra peak at wavelengths which depend on temperature. Away from the peak, the shape of the
          Planck function at substantially shorter wavelengths (high energies) is known as the Wien tail, which is mathematically described
          by
        

        
          [image: ]

        

         

        
          [image: Figure 9]

          Figure 9 The blackbody spectrum for various temperatures. The peak emission occurs at a wavelength described by the Wien displacement
            law. The shape at substantially longer wavelengths is known the Rayleigh–Jeans tail, at substantially shorter wavelengths
            it is the Wien tail
          

        

        The shape of the Planck function at substantially longer wavelengths than the peak (low energies) is known as the Rayleigh–Jeans tail, which is mathematically described by
        

        
          [image: ]

        

         

        These ‘tails’ at both extremes of wavelength are sometimes referred to as the long-wavelength (or low-energy) cutoff and the
          short-wavelength (or high-energy) cutoff.
        

      

      
        7.2 Free-free radiation

        The blackbody spectrum is emitted when thermally emitting matter is optically thick. Optically thin matter can also emit thermal
          radiation. Whenever a charged particle is accelerated it emits electromagnetic radiation. When the acceleration is due to
          the electric field of another charged particle the emitted radiation is called free-free emission or bremsstrahlung. (Bremsstrahlung is a German word meaning ‘braking radiation’.) The radiation emitted by an optically thin, thermal equilibrium
          distribution of electrons is called thermal bremsstrahlung, which is a bit of a mouthful, so astronomers sometimes colloquially refer to it as ‘thermal brems’.
        

        The ‘free-free’ label makes an analogy with the formation of atomic spectral lines. When an electron in an atom makes a transition
          to another atomic energy level this is a bound-bound transition, because the electron is bound to the atom in both the initial and final states. Photoionization of an atom is
          a bound-free transition, because the electron is removed from the atom into a ‘free’ state. Conversely recombination of an ion and an
          electron, which liberates recombination radiation is a free-bound transition. The energy levels in an atom are discrete, so a bound-bound transition results in a spectral line at the precisely
          defined wavelength corresponding to the transition in question. There are ‘free’ quantum states at essentially all energies
          above the ionization energy, hence free-free emission, produced by free electrons in the Coulomb fields of ions, is a continuum
          spectrum.
        

      

      
        7.3 Polarization of electromagnetic radiation

        So far we have described electromagnetic radiation in terms of its wavelength, frequency and speed. It has another, sometimes
          important, property: polarization. Figure 10 shows the electric and magnetic field in a plane-polarized electromagnetic wave. In any electromagnetic radiation, the electric and magnetic fields are always perpendicular to each other, as well as perpendicular to the direction of propagation of the wave. In plane-polarized radiation
          the electric field vector always lies in a single plane, the vertical plane in the example shown in Figure 10.
        

        
          [image: Figure 10]

          Figure 10 Diagram illustrating the relative orientations of the electric and magnetic field vectors in plane-polarized light

        

        In general, sources of electromagnetic radiation are not polarized. In such unpolarized light, each photon has its own, randomly oriented, electric field direction. Only if all the photons in the radiation are
          oriented somehow, will net polarization occur. There are several ways this can happen. The most familiar everyday example
          is the plane polarization which occurs because of reflection. When a light ray is reflected the electric field vector of the
          incident ray will, in general, have two non-zero components as shown in Figure 11: one perpendicular to the reflecting surface, i.e. parallel to the page (represented with arrows in Figure 11), and one parallel to the reflecting surface, i.e. perpendicular to the page (dots in Figure 11 represent the arrow tips of this component). These two components are reflected with different efficiencies, so reflected
          light is consequently partially or totally plane-polarized. This is why Polaroid sunglasses are so effective at cutting down
          the glare from sunlight reflected by water or glass. In astrophysics, light is often scattered by dust, and this scattered
          light becomes polarized in the same way. Synchrotron radiation, the subject of the next section, is intrinsically polarized: it is emitted as a result of electrons interacting with a magnetic field, and the orientation of the polarization of synchrotron
          radiation is governed by the orientation of the magnetic field.
        

        Note: you may have previously studied electromagnetism in SI units. In this case you may have seen the Poynting vector expressed
          as S = [image: ] × H, which is equivalent to the cgs version given here.
        

        The flux of energy associated with an electromagnetic wave is given by the Poynting vector, [image: ] where here [image: ] and B are the fields comprising the electromagnetic wave. Referring to Figure 10, and applying the rule for forming a vector product you can see that the Poynting vector is clearly along the direction of
          propagation of the wave.
        

        
          [image: Figure 11]

          Figure 11 Reflection of light at a surface. The arrows indicate the component of the electric field vector which is in the
            plane of the page, the dots represent the electric field component which is parallel to the reflecting surface. If the angle
            of incidence is equal to the Brewster angle, θB, the reflected ray is 100 per cent polarized, as shown. For other angles of incidence the reflected ray is only partially
            polarized
          

        

      

      
        7.4 Faraday depolarization

        Radiation of wavelength λ which starts off linearly polarized in a particular direction and travels through a plasma has its
          direction of polarization rotated by an angle
        

        
          [image: ]

        

        where ne is the electron density, B| | is the component of the magnetic field which is parallel to the direction in which the wave is travelling, and x is the distance along the line of propagation. This is known as Faraday rotation, or the Faraday effect. The integral is known as the rotation measure.
        

        Radiation from an extended synchrotron source travelling through an ionized medium will have a rotation measure which depends
          on the electron density and magnetic field along the propagation path. The rotation measure will, therefore, vary for radiation
          emitted from different locations within an extended source. Consequently, even if the radiation were initially very highly
          linearly polarized, the different values of rotation measure for various emission locations, will reduce the observed polarization
          fraction. This effect is known as Faraday depolarization.
        

      

      
        7.5 Emission from spiralling electrons: synchrotron radiation

        In the very first reading (Activity 1) we encountered the term ‘non-thermal’ describing the spectrum of light emitted from
          AGN. In this subsection we will learn more about the most important type of non-thermal radiation: synchrotron emission.
        

        When a charged particle moves in the presence of a magnetic field it experiences a Lorentz force, which produces an acceleration whose direction is perpendicular to both the magnetic field line and the velocity of the
          particle, [image: ]. Consequently the path followed by the electron is a helix, as shown in Figure 12. The radius of the circle described in the plane perpendicular to the magnetic field line is known as the cyclotron radius
          and is also sometimes referred to as the Larmor radius, rL or the gyroradius. It is given by
        

        
          [image: ]

        

        where |q| is the magnitude of the charge of the particle, m is its mass, B is the magnetic field strength, and [image: ][image: ] is the component of the particle's velocity which is perpendicular to the field.
        

        
          [image: Figure 12]

          Figure 12 Synchrotron emission: an electron moving in a uniform magnetic field follows a helical path. Because it is constantly
            being accelerated, it emits electromagnetic radiation
          

        

        Any accelerated charged particle produces electromagnetic radiation, and the radiation produced in the case of electrons accelerated
          by a magnetic field is known as cyclotron radiation. When the electrons in question are high-energy relativistic electrons (i.e. when the electrons have speeds approaching c), the cyclotron radiation is known as synchrotron radiation. In most cases of astrophysical importance, synchrotron radiation is the most plentiful type of non-thermal radiation.
        

        
          
            SAQ 4

          

          
            
              
                Question: What two ingredients are required for synchrotron emission to occur?
                

              

            

            View answer - SAQ 4

          

        

      

      
        7.6 Producing synchroton radiation in a laboratory

        Synchrotron radiation can, of course, be produced in a laboratory by arranging for electrons to be deflected by a magnetic
          field. Figure 13 shows a beam of synchrotron radiation produced at the European Synchrotron Radiation Facility (Figure 14).
        

        
          [image: ]

          Figure 13 A beam of synchrotron emission created in a particle accelerator

        

        
          [image: Figure 14]

          Figure 14 An aerial view of the European Synchrotron Radiation Facility where the beam of synchrotron radiation shown in Figure
            13 was created
          

        

        The spectrum of synchrotron emission produced by a single electron has the shape shown in Figure 15: a broad spectrum with a maximum at frequency [image: ]max.
        

        
          [image: ]

        

        where B[image: ] is the magnetic field strength perpendicular to the velocity of the electron, and [image: ] is the Lorentz factor, given by
        

        
          [image: ]

        

        
          [image: Figure 15]

          Figure 15 The spectrum of synchrotron emission from a single electron: the peak of the spectrum occurs at frequency υmax

        

        The Lorentz factor, which is one of the fundamental ingredients of special relativity, is proportional to the total energy
          ETOT (i.e. the kinetic energy plus the rest mass energy) of the electron: ETOT = [image: ]  me  c2, where me is the electron rest mass. Hence we could alternatively write
        

        
          [image: ]

        

        The power, P, emitted in synchrotron radiation from a single electron depends on the energy of the electron. If we assume that the electron
          is highly relativistic (i.e. [image: ] ~ c) the power emitted is
        

        
          [image: ]

        

        We have dropped the subscript ‘TOT’, but are still referring to the total energy of the electron.

      

      
        7.7 Radiation detection

        In astronomy we detect the radiation from large numbers of electrons, rather than being able to distinguish the contributions
          of individual electrons. The electrons will have a range of velocities and of orientations with respect to the magnetic field,
          so the synchrotron spectrum we observe will be the sum of lots of individual spectra with varying values of [image: ]max. The resulting observed synchroton spectrum is illustrated in Figure 16.
        

        
          [image: Figure 16]

          Figure 16 An observed synchrotron emission from a cloud of electrons

        

        The observed synchrotron emission from a cloud of electrons in Figure 16 is the sum of the emission from many individual electrons,
            each with a different energy and each with velocity at a different orientation to the magnetic field. Hence each individual
            electron produces a contribution peaking at its own value of [image: ]max. At each frequency,  [image: ], the emission comes predominantly from the electrons which have  [image: ]max ≈ [image: ]. Consequently, if the distribution of electron energies follows a power law then the observed synchrotron spectrum will also
            be a power law.

        How much radiation is emitted at frequency [image: ] depends predominantly on how many electrons have [image: ]max ≈ [image: ]. That is to say the shape of the summed spectrum in Figure 16 depends on the distribution of electron energies. Mathematically, this distribution can be described by saying N (E)dE is the number density (i.e. number per unit volume) of electrons with energies between E and E + dE. For many sources of non-thermal emission, a power-law distribution of electron energies seems to hold, i.e.
        

        
          [image: ]

        

        where N 0 is a constant of normalization, and s is a constant known as the particle exponent. When astrophysical sources of synchrotron emission are studied, it is found that typically s lies between 2 and 3.
        

        
          
            SAQ 5

          

          
            
              
                Question: If the number of electrons per unit volume is ne, write down a mathematical expression relating ne and N(E).
                

              

            

            View answer - SAQ 5

          

        

        Notice that the relationship between the electron energy, E, and the frequency, [image: ], at which it produces most synchrotron radiation is described by Equation 15, and if we want to use the distribution of electron
          energies to deduce the distribution of radiation with frequency (i.e. the spectrum), we must remember to include the relationship
          between an energy interval dE and a frequency interval d[image: ] which is implicit in Equation 15. That is to say, differentiating Equation 15, treating B[image: ] as constant, we obtain
        

        
          [image: ]

        

      

      
        7.8 Example 2 and questions

        Example 2

        Show that the synchrotron spectrum produced by a power-law distribution of electron energies N(E) dE = N0E−s dE, is described by
        

        
          [image: ]

        

        You may use the approximation that all the power radiated by the electron has frequency [image: ] = [image: ]max, where [image: ]max is given by Equation 15.
        

         Solution 
        

        The flux emitted at a particular frequency, [image: ], is determined by the number of electrons emitting at that frequency, N([image: ]), and the power, P, emitted by each of these. Expressing this mathematically:
        

        
          [image: ]

        

        The power P is given by Equation 16, and the number of electrons is determined by Equation 17, but we must transform this distribution from the number of electrons with a particular energy, E, into the number of electrons emitting at a particular value of [image: ]. This is accomplished by noting that the electrons and their properties are unchanged irrespective of how we decide to label
          them, so that
        

        
          [image: ]

        

        i.e.

        
          [image: ]

        

        where we have used Equation 18 in the final step.
        

        Collecting these expressions for P and N in terms of E and substituting into Equation 20 we obtain
        

        
          [image: ]

        

        where we have substituted for N(E), and collected powers of E to arrive at the final result. The only remaining work is to express the result in terms of [image: ] rather than E, and this can be accomplished using Equation 15, which tells us that
        

        
          [image: ]

        

        which can be recast as

        
          [image: ]

        

        Substituting for E, therefore, we obtain
        

        
          [image: ]

        

        as required.

        The observed power-law spectrum described by Equation 19 is often more concisely written as
        

        
          [image: ]

        

        where the new constant [image: ] ( = (s – 1)/2)) is known as the power-law index. In Activity 4 we explore the production of power-law synchrotron spectra.
        

        There is a generally useful trick to finding and measuring power-law dependencies. Taking logs of Equation 19 for F[image: ] we obtain
        

        
          [image: ]

        

        which can be rewritten using the properties of logs as

        
          [image: ]

        

        Hence it is clear that the overall synchrotron spectrum shown in Figure 16, which shows log10(F[image: ]) versus log10([image: ]), appears as a straight line with gradient -(s – 1)/2 or more concisely with gradient −[image: ], where [image: ] = (s – 1)/2. The trick of using logarithmic axes makes it easy to recognise when the variables being plotted on the graph are
          related by a power law. If the variables are related by a power law, the power-law index can be determined by measuring the
          gradient of the straight line on the ‘log–log’ graph. This is a widely used technique, and astronomers often plot observed
          quantities on a log–log graph to check quickly whether there is a power-law relationship between them.
        

        
          
            Question 4

          

          
            
              Figure 17 shows the spectrum of synchrotron emission from a particular astronomical source. What is the particle exponent describing the distribution of electron energies in that source?
              

              
                [image: ]

                Figure 17 The spectrum of radio emission observed at a particular location in the sky

              

            

            View answer - Question 4

          

        

        
          
            Question 5

          

          
            
              What is the power-law frequency dependence of the Rayleigh–Jeans tail?

              That is, if we write B[image: ],Rayleigh–Jeans  [image: ]  [image: ]  p, what is the value of p?
              

            

            View answer - Question 5

          

        

        
          
            Question 6

          

          
            
              (a) With a magnetic field strength of 10−9 tesla, what values of electron energies are required in order to produce synchrotron radiation at radio frequencies of a
                few GHz?
              

              (b) What values of electron energies are required for radio frequency production if the magnetic field is 10−10 tesla?
              

            

            View answer - Question 6

          

        

        So far we have seen that the synchrotron emission from a power-law distribution of relativistic electrons is a power-law spectrum
          with increasing flux at decreasing frequencies. Like all good things, this must come to an end: absorption of photons by the
          synchrotron-emitting electrons can also occur. This process is known as synchrotron self-absorption (SSA), and is particularly important for photons with low frequency, [image: ]. For these low-frequency photons, SSA can mean that the probability of a photon escaping from the synchrotron emitting region
          is small, i.e. at low frequencies the synchrotron emitting region becomes optically thick. This modifies the spectrum of the
          escaping radiation at low frequencies from [image: ] to [image: ], as Figure 19 shows. This downturn in the spectrum at low frequencies is known as a low-frequency cutoff. The frequency at which self-absorption becomes important depends on the magnetic field strength, the density of electrons
          and the particle exponent. The details of these dependencies are beyond the scope of this course, but an obvious consequence
          of them is that the low-frequency cutoff can occur at a range of different frequencies, depending on the particular parameters
          of the emitting region. If an astronomical source has a spatially varying magnetic field, density, or electron energy distribution,
          then the overall emitted spectrum could be a sum of individual spectra like that shown in Figure 19, but shifted in frequency relative to each other. This is how so-called flat-spectrum radio sources are thought to arise. You will read about these in Activity 5.
        

        
          [image: Figure 19]

          Figure 19 The full synchrotron spectrum from a power-law distribution of electron energies. At high photon energies the emission
            is optically thin, and the power-law dependence on the particle exponent holds
          

        

        At low photon energies the emission is optically thick, and self-absorption causes a  F[image: ]  [image: ][image: ]5/2  spectral shape.

      

      
        7.9 Compton scattering

        Electromagnetic radiation interacts strongly with electrons. If a photon encounters an electron, there is a high probability
          that a scattering interaction will occur. In the low-energy non-relativistic regime, i.e. where h[image: ]  [image: ]  me  c2 the interaction is called Thomson scattering, and its likelihood is described by the classical Thomson scattering cross-section, σe. In general, interactions between a photon and an electron include quantum mechanical and relativistic effects which modify
          the classical Thomson scattering process. The process in the regime where quantum and relativistic effects are included is
          known as Compton scattering, and a full discussion requires quantum electrodynamics, which is beyond the scope of this course. One of the immediate effects
          of the quantum nature of light is that the scattering of a photon by an electron is, in general, an incoherent process, i.e. in general energy will be exchanged between the electron and the photon, so the incoming and outgoing photons
          differ in frequency. Whenever the electron has sufficient kinetic energy compared to the photon, energy can be transferred
          from the electron to the photon. This is the so-called inverse Compton process, and is important in astrophysics.
        

        
          
            SAQ 6

          

          
            
              
                Question: What frame of reference would you choose to assess whether ‘the electron has sufficient kinetic energy compared to the photon'?
                

              

            

            View answer - SAQ 6

          

        

        For a population of relativistic electrons threaded by a magnetic field, loss of energy from the electrons due to synchrotron
          emission (see Section 7.5), P synch, and the loss of energy from the electrons due to the inverse Compton process, P compt, are related by the ratio of the magnetic field energy density, U mag, and the photon energy density, U rad:
        

        
          [image: ]

        

        The physical reason behind this simple relationship is that from a quantum viewpoint the synchrotron and inverse Compton processes
          are analogous. Synchrotron radiation involves scattering of electrons by the quanta associated with the magnetic field, while
          in inverse Compton scattering the electrons are scattered by real photons: quanta of electromagnetic radiation.
        

        Radiation which has been boosted to higher energies by the inverse Compton process is often referred to as having been Compton upscattered. In the case of AGN, photons emitted by the synchrotron process can themselves be inverse Compton scattered by the population
          of relativistic electrons emitting them, thus emerging from the source with higher energies than they initially had. This
          is the so-called synchrotron self-Compton (SSC) process.
        

      

    

  
    
      8 Basic properties and historical perspective

      
        8.1 Continuum spectra

        
          
            Activity 4: General properties of quasars and power-law emission

          

          
             0 hours  30 minutes 

            
              Read Section 1.3 of Peterson, up to and including the first two paragraphs of Section 1.3.1 here.
              

            

            View discussion - Activity 4: General properties of quasars and power-law emission

          

        

        
          
            Question 7

          

          
            
              Give six common general properties of quasars.

            

            View answer - Question 7

          

        

        
          
            SAQ 7

          

          
            
              
                Question: A quasar has a power-law spectrum obeying [image: ], how would this spectrum be described in terms of F[image: ] and [image: ]?
                

              

            

            View answer - SAQ 7

          

        

         Example 3 
        

         Figure 20 shows a schematic spectral energy distribution. In which part of the electromagnetic spectrum is most energy emitted per
          unit interval on the logarithmic frequency axis? Fully justify your answer, including an explanation of why log10  [image: ]is the most convenient choice of variable on the horizontal axis of a graph for this purpose.
        

        
          [image: Figure 20]

          Figure 20 A schematic energy distribution of a hypothetical quasar

        

         Solution 
        

        The graph in Figure 20 shows log10([image: ] F[image: ]) versus log10  [image: ]. The flux emitted between any two frequencies [image: ]1 and [image: ]2 is given by
        

        
          [image: ]

        

         

        Looking at this final expression for F12, we see it is of the form [image: ], where x = log10  [image: ], i.e. F12 is the area under the curve of [image: ]F[image: ] between the two specified values on the horizontal (or log10  [image: ]) axis. Generally [image: ]F[image: ] will have values varying by many orders of magnitude over the full electromagnetic spectrum, so usually the logarithm of
          [image: ]F[image: ] is a more useful quantity to plot on the graph than [image: ]  F[image: ] itself. The part of the electromagnetic spectrum where the most energy is emitted per unit interval on the logarithmic frequency
          axis will be where [image: ]  F[image: ] reaches a maximum: this occurs at log10[image: ] ~ 12.5, i.e. at wavelength
        

        
          [image: ]

        

        i.e. in the far infrared. It is for this reason that spectral energy distributions are generally plotted using this particular
          choice of axes: the eye easily picks out the location of the dominant contribution to the area under the curve. These axes
          allow immediate identification of the part of the spectrum which radiates most energy. As Figure 21 shows, different choices of axes can make it much more difficult to do accomplish this. If the horizontal axis was [image: ] rather than log10  [image: ], the entire low-energy part of the spectrum would be compressed into a tiny space on the extreme left-hand edge of the graph.
        

        
          [image: Figure 21]

          Figure 21 The same spectral energy distribution as in Figure 20, but with two different choices of axes

        

        The two different choices of axes in Figure 21  are (a) The vertical axis shows logF[image: ]. (b) The horizontal axis shows [image: ].
        

      

      
        8.2 Extended radio sources

        In section 7.5 we studied the spectrum of the synchrotron emission, i.e. how the flux density of radiation depends on the frequency or wavelength
          of the radio emission. Using radio telescopes such as the VLA (Figure 22) radio astronomers can also spatially resolve the celestial radio emission, that is to say they can study how the flux density of radiation at one particular frequency
          depends on position in the sky. Hence pictures can be made with radio emission, just as we make pictures showing how optical
          emission depends on position in the sky (e.g. Figure 1). Figure 23 shows two examples of radio pictures. Note: Do not worry about the information in the caption until you undertake Activity 5. Radio emission pictures are often shown graphically as contour maps. You probably noticed Peterson's Figure 1.4 as you completed
          the previous reading activity: this figure is an example of a radio intensity map. The interpretation of these figures is
          analogous to reading altitude contours on an everyday map: each contour line represents a particular value, so the highest
          value in the picture will be inside the largest number of contour lines.
        

        
          [image: Figure 22]

          Figure 22 (a) and (b) The ‘Very Large Array’ (VLA) is used to make radio images of the sky. It consists of many individual
            radio dishes, the signals from which are combined. These individual dishes can be moved, and the spatial resolution of the
            radio images depends on their separation
          

        

        
          [image: Figure 23]

          Figure 23 Images made by using a false-colour scale to encode the intensity of radio emission. (a) A classic double-lobed
            radio source (3C 35), showing the core, extended lobes, and hotspots. (b) Cygnus A showing the radio jet
          

        

        
          
            Activity 5: Pictures via radio: extended radio sources

          

          
            
              Read the remainder of Section 1.3.1 of Peterson.
              

            

            View discussion - Activity 5: Pictures via radio: extended radio sources

          

        

        
          
            Question 8

          

          
            
              Figure 24 shows the radio intensity maps of the active galaxies 3C 465 and 3C 105. (a) Is 3C 465 an FR I or an FR II type radio galaxy?
                (b) Is 3C 105 an FR I or an FR II type radio galaxy?
              

              
                [image: Figure 24]

                Figure 24 Radio intensity maps of two active galaxies taken with the Very Large Array (VLA). (a) 3C 465 at wavelength 6 cm.
                  (b) 3C 105 at 3.6 cm
                

              

              The ‘3C’ in the designations of the two active galaxies shown in Figure 24 stands for the ‘third Cambridge’ catalogue. This was an early survey, made when the instruments were of poor resolution and
                relatively insensitive, consequently these are among the strongest radio sources in the sky.
              

            

            View answer - Question 8

          

        

        
          
            SAQ 8

          

          
            
              
                Question: What frequency radio emission was observed to produce the map in Figure 24a?
                

              

            

            View answer - SAQ 8

          

        

      

      
        8.3 Line spectra: ions and spectral lines

        For obvious reasons optical astronomy developed earlier than radio and X-ray astronomy, and astronomers are able to learn
          many things from analysis of optical emission. Just as in the radio band, optical pictures, i.e. the spatial distribution
          of emission, can be informative. Even when a source is not spatially resolved, astronomers can still deduce some information
          about what it might look like close-up. These ‘visualizations’ of what is happening in a particular source result from analysis
          of how the amount of light detected depends on time, or on wavelength, i.e. by looking at temporal or spectral properties of the emission.
        

        Since hydrogen is the most abundant chemical element in the Universe, its spectral lines are particularly important in astrophysics. The Balmer series are the transitions in which the n = 2 energy level is the lower level. This series of lines appears in the optical wavelength region, and the H[image: ]  line (transitions between n = 2 and n = 3) is often the most prominent line in optical spectra. The highest energy transitions in the hydrogen line spectrum are
          those to and from the lowest energy level, i.e. transitions to and from n = 1. This series of lines is called the Lyman series, and the Ly[image: ]  line (transitions between n = 1 and n = 2) is prominent in ultraviolet spectra.
        

        The Balmer limit, which occurs at 3646 Å corresponds to transitions between the n = 2 level of hydrogen and unbound states, i.e. this is the ionization transition from the n = 2 level. Similarly the Lyman limit at 912 Å corresponds to ionization from the ground state (n = 1). Consequently radiation with λ< 912 Å is known as ionizing radiation. Photons with energies just exceeding the Lyman limit are highly prone to absorption by neutral hydrogen gas: consequently
          the plane of our own Milky Way Galaxy is essentially opaque at wavelengths just short of the Lyman limit.
        

        Generally astronomers label spectral lines using notation like CIV λλ1548, 1551, which concisely gives an enormous amount
          of information. Going through this piece by piece:
        

        ‘C’ indicates the chemical element, carbon in this example,

         ‘IV’ indicates the ionization state. ‘I’ indicates the neutral atom, with successive roman numerals indicating successive
          positively charged ions,
        

        hence ‘IV’ indicates that three electrons have been removed. The CIV ion is C3+; the roman numeral is always one more than the number of positive charges. ‘λ’ indicates the following numerals give wavelength.
          In this case we have ‘λλ’, which means that the spectral line is a multiplet. In the case of a multiplet there are two or more ‘fine structure’ sublevels to one or both of the energy levels involved
          in the transition, so that there are multiple components to the spectral line, corresponding to the various possible energy
          differences between the initial and final states. This is illustrated in Figure 26. In our example, the line is a doublet, having two components. Triplets and higher multiplets are also possible.
        

        ‘1548, 1551’ gives the wavelength in Å of the two components of the doublet.

        Spectral lines arise as a result of atomic transitions which are governed by quantum mechanical selection rules. Most common
          lines correspond to transitions which are permitted by the selection rules. For reasons which we will not explore here, it is also possible (with low probability) for transitions
          to occur which do not obey all of the selection rules. Such transitions are called forbidden or semiforbidden lines, depending on which of the selection rules are violated. Semiforbidden lines are also sometimes called intercombination lines. The astrophysically important point is that permitted transitions are, in general, much more likely than forbidden or semiforbidden
          transitions. This means that if an excited atom has a permitted transition that it can make to a lower level, it is not likely
          to make a non-permitted transition. Consequently the only forbidden and semiforbidden lines which are observed are those where
          no permitted transition is available. Furthermore, because non-permitted transitions have low probability of occurrence, an
          excited atom will remain in the excited state for a long time before the transition occurs. During this time, a collision
          with another atom, ion, or free electron may occur, and collisional de-excitation will result. Hence forbidden and semiforbidden lines are only observed from low-density regions, where collisions are relatively
          infrequent.
        

        The notation used to indicate a forbidden line is a pair of square brackets around the chemical element and ionization state,
          e.g. [OII]. Similarly, a semiforbidden line is indicated by just the closing bracket, e.g. NIV].
        

        
          [image: Figure 26]

          Figure 26 Fine structure sublevels in initial or final energy levels lead to a multiplet spectral line

        

        
          
            Question 9

          

          
            
              List the permitted lines, the forbidden lines, and the semiforbidden lines present in optical and UV spectra of the Seyfert
                1 galaxy NGC 5548. Refer to Peterson Figures 1.1 and 1.2.
              

            

            View answer - Question 9

          

        

        
          
            Question 10

          

          
            
              The ionization of hydrogen from the ground state requires radiation of wavelength less than 912 Å. Calculate the frequency
                corresponding to this wavelength, and the equivalent photon energy. Give the energy in joules, in ergs and finally in electronvolts.
                Which of these three energy units is the most natural choice in this instance?
              

            

            View answer - Question 10

          

        

        
          
            Activity 6: Quasar variability

          

          
            
              Read Peterson Section 1.3.2.
              

            

            View discussion - Activity 6: Quasar variability

          

        

      

      
        8.4 Line spectra: line flux and equivalent width

        In general, astronomical objects emit both continuous emission and lines superimposed on this continuous emission. The equivalent width is a useful way of describing the relative strength of a line compared to the continuous emission at nearby wavelengths.
          The flux level of the continuous spectrum is called the continuum level, and at an emission line the spectrum rises above this level, while at an absorption line the spectrum dips below this
          level, as Figure 27 shows.
        

        
          [image: Figure 27]

          Figure 27 The continuum level, Fλc, (blue), and an absorption line (red). The equivalent width, W λ, is the width of a rectangle the same height as the continuum which has the same area as the absorption line
          

        

        The line flux is simply the total amount of energy per unit collecting area per unit time carried by line photons. On a graph of the spectrum
          this is the area corresponding to the line.
        

        The equivalent width, Wλ, is the width of a rectangle having the height of the continuum and which has the same area as the line; the units of equivalent
          width are thus the same as the units of wavelength.
        

        The Hertzsprung–Russell diagram is used to characterise the properties of stars. The colour (e.g. B–V) is used on the horizontal axis of the Hertzsprung–Russell diagram as an empirical indicator of temperature. Magnitude, or
          another luminosity indicator, was plotted on the vertical axis. Consequently, the H–R diagram is also sometimes referred to
          as a colour–magnitude diagram. The main sequence formed a roughly diagonal locus across the colour–magnitude diagram. B–V is just one of a number of possible colours, and each spectral type has a definite expected value for any colour. In the
          next activity you will encounter a colour–colour diagram.
        

        
          
            SAQ 9

          

          
            
              
                Question: What advantage does a colour–colour diagram have over a colour–magnitude diagram when comparing objects which have varied
                  and unknown distances?
                

              

            

            View answer - SAQ 9

          

        

        The following question is to check that you are aware of a term which is used in the next reading.

        
          
            SAQ 10

          

          
            
              
                Question: What is the ‘Wien tail’?
                

              

            

            View answer - SAQ 10

          

        

      

      
        8.5 Line spectra: Activity 7 Colours and broad lines

        
          
            Activity 7: Colours and broad lines

          

          
             0 hours  20 minutes 

            
              Read Peterson Sections 1.3.3 and 1.3.4.
              

            

            View discussion - Activity 7: Colours and broad lines

          

        

        
          
            SAQ 11

          

          
            
              
                Question: Why are stars of spectral type O and B most likely to contaminate samples of quasars chosen for U-excess?
                

              

            

            View answer - SAQ 11

          

        

        In the preceding reading from Peterson, the first of many possible selection effects arose. In section 1.3.4 Peterson discusses how quasars with z ≈ 2 appear bright in the U band, because the Lyman [image: ] emission line falls within the U band for this redshift (see Figure 28). Selection effects can cause serious misunderstandings: one of the most important checks an astronomer must perform is to
          ascertain whether any observed trends are simply a by-product of the particular sample of objects chosen for study, rather
          than being an intrinsic property of the objects in general.
        

        
          [image: Figure 28]

          Figure 28 The wavelength at which Lyα is detected depends on the redshift. At redshift z1 (panels a and b) Lyα appears between 3000 Å and 4000 Å, while at redshift z2 (panels c and d) it does not
          

        

        For example, if a sample of quasars was selected by looking for objects which are particularly bright in the U band (i.e. objects showing a U-excess relative to typical stars and galaxies), objects with z ≈2 would be appear to be even more plentiful than they really are.
        

        
          
            SAQ 12

          

          
            
              
                Question: What is the ‘Ly[image: ] selection effect’?
                

              

            

            View answer - SAQ 12

          

        

      

      
        8.6 Line spectra: Activity 8 Quasar redshifts

        
          
            Activity 8: Quasar redshifts

          

          
            
              Read Peterson section 1.3.5 (pages 16 and 17).
              

            

            View discussion - Activity 8: Quasar redshifts

          

        

        
          
            SAQ 13

          

          
            
              
                Question: How can astronomers detect cool intergalactic gas in distant parts of the Universe?
                

              

            

            View answer - SAQ 13

          

        

        As Peterson stressed in the section you have just read, high-redshift quasars are important for a variety of reasons. Consequently
          astronomers are currently investing time, energy and many nights of telescope usage on searching for ever more distant quasars.
          At the time this course was written, the most distant known quasar was that shown in Figure 29a. The identification of these distant quasars is done photometrically by looking for Lyman-break objects, where there is no detected flux in the blue part of the observed optical spectrum because it has been absorbed by
          high-redshift hydrogen gas, as shown in Figure 29b.
        

        
          [image: Figure 29]

          Figure 29 (a) The faint red source indicated by the arrow is a quasar with redshift z = 6.2. (b) Spectra of three very distant quasars. In each case the highest observed flux is the Lyα emission line, which
            has been redshifted into the red part of the optical spectrum. To shorter wavelengths the detected flux is zero because all
            these photons have undergone Lyman absorption by less redshifted neutral hydrogen gas between us and the quasar
          

        

      

      
        8.7 Luminosity functions

        Samples of galaxies can be biased due to the flux limit of the sample that is observed. This is the so called Malmquist bias.
        

        
          
            Activity 9: Radio-quiet quasars

          

          
             0 hours  20 minutes 

            
              Read Peterson section 1.4 by clicking the link below.
              

            

            View discussion - Activity 9: Radio-quiet quasars

          

        

        
          
            SAQ 14

          

          
            
              
                Question: Why would astronomers wishing to measure the quasar luminosity function be unlikely to use the 3C catalogue as their sample?
                

              

            

            View answer - SAQ 14

          

        

        
          
            SAQ 15

          

          
            
              
                Question: The 3C radio survey is biased, can optical surveys be regarded as unbiased?
                

              

            

            View answer - SAQ 15

          

        

      

    

  
    
      9 Conclusion

      
        	 
          Active galactic nuclei (AGN) are powered by accretion onto supermassive black holes. The masses of these central engines of
            AGN can be estimated by means of the virial theorem, using the size of the nucleus of the galaxy and the velocity dispersion
            of the material in the vicinity of the nucleus. Estimates of the masses are around 109±1 M[image: ].
          
 
        

        	 
          The Schwarzschild radius of a black hole, i.e. the radius of the sphere from within which light cannot escape, is given by[image: ]where M is the mass of the black hole.
          
 
        

        	 
          An indicator of the distance to an AGN is its cosmological redshift, z. The shift in its spectral lines Δλ reflects the recession speed of the AGN. According to Hubble's law, the larger the redshift,
            the more distant is the object.
          
 
        

        	 
          When electrons travel through regions of space containing a magnetic field, they follow helical paths around the magnetic
            field lines and emit electromagnetic radiation. When the speeds of the electrons are relatively low, the emitted radiation
            is known as cyclotron radiation, and when the electron speeds are a significant fraction of the speed of light, the emitted
            radiation is known as synchrotron radiation.
          
 
        

        	 
          The spectrum of synchrotron radiation produced by a single electron travelling with a speed [image: ] has a broad shape with a maximum at a frequency [image: ]max. This frequency is proportional to B	[image: ][image: ]2 where B[image: ] is the magnetic field component perpendicular to the velocity of the electron and [image: ] is the electron's Lorentz factor, given by[image: ]The Lorentz factor is proportional to the electron's energy, since E = [image: ]mec2, so [image: ]max is also proportional to B[image: ]  E 2.
          
 
        

        	 
          Given an ensemble of electrons whose energies are distributed according to a power law with particle exponent s, the flux density in the spectral energy distribution (SED) of the optically thin synchrotron radiation is given by [image: ] where [image: ] = (s −1)/2. At low frequencies synchrotron radiation is optically thick, and [image: ]. This is known as synchrotron self-absorption (SSA).
          
 
        

        	 
          Free electrons in an ionized gas radiate as they decelerate when they pass by protons or other positively charged ions. The
            continuous spectrum of electromagnetic radiation which arises is called thermal bremsstrahlung. Since the electrons are unbound
            throughout the process, the radiation is also known as free-free emission.
          
 
        

        	 
          The Wien tail is the short-wavelength part of the blackbody spectrum (described by B[image: ](T) = (2 h  [image: ]3 / c2) exp(−h  [image: ]/ kT)), whilst the Rayleigh–Jeans tail is the long-wavelength part of the blackbody spectrum (described by B[image: ](T) = 2kT  [image: ]2/c2).
          
 
        

        	 
          Both blackbody radiation and bremsstrahlung are examples of thermal radiation, because the speeds of the electrons that are
            responsible for them follow a Maxwell speed distribution. Synchrotron radiation is an example of non-thermal radiation.
          
 
        

        	 
          In the process of Compton scattering, high-energy photons scatter off relatively low-energy electrons and lose energy as a
            result. In the process of inverse Compton scattering, photons gain energy from higher energy electrons. Radiation which has
            been boosted to higher energies by this process is said to have been Compton upscattered.
          
 
        

        	 
          In the synchrotron self-Compton (SSC) process, synchrotron radiation is upscattered by the same electrons which were responsible
            for the original emission.
          
 
        

        	 
          The Balmer and Lyman series of hydrogen lines arise from transitions whose lowest energy levels are the n = 2 and n = 1 levels respectively. Hence the H[image: ] line (in optical spectra) arises from transitions between n = 3 and n = 2, whilst the Ly[image: ] line (in ultraviolet spectra) arises from transitions between n = 2 and n = 1. The Balmer limit at 3646 Å corresponds to transitions between n = 2 and the continuum whilst the Lyman limit at 912 Å corresponds to transitions between n = 1 and the continuum.
          
 
        

        	 
          Most common spectral lines are ‘permitted’ by quantum mechanical selection rules. In low-density regions, so called ‘forbidden’
            lines can also be produced. This is because collisions between atoms are rare if the density is low, so atoms in excited states
            with no permitted transitions execute low probability forbidden transitions. Forbidden lines are indicated by a square bracket
            notation, such as [OIII] λ5007 for the forbidden transition in doubly ionized oxygen, leading to emission of radiation of
            wavelength 5007 Å (5.007 × 10−7 m).
          
 
        

        	 
          When linearly polarized radiation passes through a plasma, its direction of polarization is rotated in a phenomenon known
            as Faraday rotation. Consequently radiation travelling through an extended synchrotron source will have a rotation measure
            which depends upon the electron density and magnetic field along the propagation path. The different values of rotation for
            various emission locations within an extended source will lead to Faraday depolarization.
          
 
        

        	 
          Quasars share some or all of the following properties: they are star-like objects identified with radio sources, they are
            luminous X-ray sources, they have time variable continuum flux, a large UV flux, broad emission lines and large redshifts.
            The radio SED of a quasar typically has F [image: ][image: ]ν−0.7.
          
 
        

        	 
          Radio galaxies and quasars typically show two components: a pair of spatially extended lobes extending for several kpc and
            a compact (spatially unresolved) core. Extended radio sources can be divided into Fanaroff–Riley class I (FR I) sources whose
            lobes are brightest in the centre and fainter towards their edges, and Fanaroff–Riley class II (FR II) sources whose lobes
            are limb-brightened and often show enhanced emission at the edges of the radio structure. FR II sources are more luminous
            than FR I sources.
          
 
        

        	 
          The compact cores of radio galaxies are smaller than 0.01 pc in size and their spectra are usually flat (i.e. [image: ]< 0.5) over several orders of magnitude in frequency.
          
 
        

        	 
          Some radio galaxies have extended linear structures known as jets, extending from the core to the lobes. Jets often appear
            only on one side of the radio galaxy, and in cases where two are seen, one is usually much fainter than the other.
          
 
        

        	 
          Quasars are variable in every waveband in which they have been studied, including both continuum and line emission, on timescales
            as short as a few days. This indicates that much of the radiation must come from regions of order light-days across.
          
 
        

        	 
          Quasars often have unusually blue colours and an excess at ultraviolet fluxes compared to stars. Their UV–optical spectra
            have strong, broad emission lines from hydrogen, and other common chemical elements.
          
 
        

        	 
          Since quasars are observed at high redshift, they provide a probe of the Universe when it was only a fraction of its current
            age. They can serve as luminous background sources against which other, closer structures may be observed.
          
 
        

        	 
          Radio-quiet quasars are around 100 times fainter in radio emission and around 10–20 times more numerous than the radio-loud
            quasars.
          
 
        

        	 
          Observational samples of galaxies and AGN are subject to the Malmquist bias. It is easier to detect more luminous objects
            at greater distances than it is to detect low-luminosity objects at these same distances. So, any flux-limited sample will
            contain a greater representation of high-luminosity objects and will contain relatively few low-luminosity objects at large
            distances, despite the fact that low-luminosity members of a class of objects are usually the most numerous. The 3C radio
            catalogue, for example, suffers from a strong Malmquist bias.
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      SAQ 1

      Answer

      They asserted that the QSOs had large motions through space, rather than receding as part of the overall cosmological expansion
        of space. One suggestion was that QSOs were ejected from nearby galaxies at relativistic velocities.
      

      Back

    

  
    
      SAQ 2

      Answer

      Because the accretion luminosity cannot exceed the Eddington Limit, which is proportional to M.
      

      Back

    

  
    
      Question 1

      Answer

      It is thought that accretion onto supermassive black holes powers the emission from active galactic nuclei. In basic physics
        terms, the electromagnetic radiation is powered by the liberation of gravitational potential energy as matter falls in the
        gravitational field.
      

      You may also have included some discussion of how the viscosity of the accreting material plays a role in converting kinetic
        energy into thermal energy and consequently radiation.
      

      Back

    

  
    
      Question 2

      Answer

      The virial theorem is derived from the equation of hydrostatic equilibrium: therefore the assumption behind the use of this equation is that a state of equilibrium under self-gravity holds.
      

      If the Seyfert galaxy was far from equilibrium, it would be unlikely that the emission would last for as long as 108 years. So, while it is clear that some material must be falling under the gravitational influence of the supermassive black
        hole, it is probably safe to assume a near-equilibrium configuration for our first estimate of the mass of the central black
        hole.
      

      Back

    

  
    
      SAQ 3

      Answer

      The bar in Figure 7 represents 8 arcsec, while the image in Figure 8 is only about 3 arcsec across: the scale on the axis extends from about −1.5 arcsec to about +1.5 arcsec, and is centred
        on Sgr A*.
      

      Back

    

  
    
      Question 3

      Answer

      Redshift refers to the shifting of the wavelength of a spectral line. Cosmological redshift indicates that this shifting in
        wavelength in the light emitted by a distant source occurs as a consequence of the overall expansion of the Universe. If a
        redshift is cosmological, Hubble's law can be used to infer the distance of the emitting object.
      

      Back

    

  
    
      SAQ 4

      Answer

      Magnetic fields and relativistically moving electrons.

      Back

    

  
    
      SAQ 5

      Answer

      The total number of electrons is equal to the sum over all possible energies, E, of the number of electrons with energy [image: ]

      Back

    

  
    
      Question 4

      Answer

      Choosing two convenient points on the straight line, for example (x = 9.0, y = 1.75) and (x = 10.0, y = 1.25), we can calculate the slope of the line. The slope is
      

      
        [image: ]

      

      Putting in the values we get

      
        [image: ]

      

      Comparing this with the information in Section 7.5, we see that in this case, the power-law index, [image: ], is [image: ] = 0.5. But we must note that the question asked instead for the particle exponent, s, so we need to determine s using the relationship [image: ] = (s−1)/2.
      

      Rearranging, we have s = 2[image: ]+ 1, i.e. s = 2(0.5) + 1,
      

      Our final answer is that the graph shows synchrotron emission from a distribution of electrons with a particle exponent s = 2.
      

      Back

    

  
    
      Question 5

      Answer

      There are three ways you might have approached this question. A method which the material in this course might have suggested
        is to use Figure 9, noting that it has logarithmic axes. The Rayleigh–Jeans tail is the part of the Planck function which appears as a positive
        gradient straight line in this graph. A power-law relationship will always appear as a straight line in a log–log plot. Since
        the line has a positive gradient, p must be positive: both facts imply that Bν, Rayleigh–Jeans increases as [image: ] increases. We can use this to check that our answer makes sense.
      

      Clearly, the Rayleigh–Jeans tail is easiest to measure for the uppermost curve plotted on Figure 9 because it is (a) longer, and (b) less cluttered by other lines which might confuse the issue. To measure the gradient of
        the straight line, we need to:
      

      
        	 
          choose two points which are widely separated, and read off the (log10[image: ], log10B  [image: ]) values for each;
          
 
        

        	 
          subtract them to work out the values of Δlog10[image: ] and Δlog10B  [image: ] for each; and
          
 
        

        	 
          (iii) divide to evaluate[image: ]which is the gradient of the line in the graph.
          
 
        

      

      Applying this method, the points marked on Figure 18 illustrate one sensible choice. Reading off the (log10[image: ], log10B[image: ]) values, we have the lower point at (log10[image: ] = 5, log10B  [image: ] = −19.5) and the upper point at (log10[image: ] = 16, log10B  [image: ] = 2.5).
      

      
        [image: Figure 18]

        Figure 18 A copy of Figure 9 with two example points chosen

      

      Therefore Δlog10[image: ] = 16 − 5 = 11 and Δlog10  B  [image: ] = 2.5 − (−19.5) = 22
      

      Hence[image: ] 
      

      The question asked us ‘if we write B[image: ], Rayleigh–Jeans  [image: ]  [image: ]p, what is the value of p?’. Taking logarithms of both sides of the expression we have[image: ] 
      

      where we used the properties of logarithms in the second step. Hence if we make the substitutions y = log10B  [image: ] and x = log10  [image: ], and recall that a straight-line graph represents the general equation[image: ]we see that a graph of log10B  [image: ] versus log10  [image: ] will be a straight line of gradient p.
      

      Thus, using the result evaluated in (iii) above, we see that p = 2.
      

      Therefore the Rayleigh–Jeans tail of the Planck function is a power law, B[image: ], Rayleigh–Jeans  [image: ]  [image: ]2.
      

      Another more straightforward way to answer the question would have been to use the expression for the Rayleigh–Jeans tail
        given in Equation 11 to deduce p = 2.
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      Question 6

      Answer

      (a) Using a magnetic field strength of 10−9T, to produce synchrotron radiation with radio frequencies, i.e. a few × 109 Hz, requires input electron energies of a few × 109 eV, i.e. a few GeV. This means that very energetic electrons are needed to produce even radio synchrotron emission which
        lies at the low-energy end of the electromagnetic spectrum.
      

      (b) If the magnetic field strength is reduced to 10−10T, then even more energetic electrons, with energies of at least 10 GeV (1010 eV), are required to produce radio synchrotron emission.
      

      Back

    

  
    
      SAQ 6

      Answer

      The rest frame of the observer is the obvious choice, since this is the frame in which the initial and final energies of the
        photon are to be measured. In the case of inverse Compton scattering occurring in an AGN, the rest frame of the AGN itself
        is a sensible alternative choice, since both the initial and final photon energies will be affected by the cosmological redshift.
      

      Back

    

  
    
      Question 7

      Answer

      The first paragraph of Peterson section 1.3 gives:

      
        	 
          star-like objects identified with radio sources
 
        

        	 
          time-variable continuum flux
 
        

        	 
          large UV flux
 
        

        	 
          broad emission lines
 
        

        	 
          large redshifts
 
        

        	 
          large X-ray flux
 
        

      

      as typical common characteristics of quasars.
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      SAQ 7

      Answer

      [image: ]. This comes from the relationship arising from [image: ] on Peterson page 8: [image: ], so [image: ] – 2 = 1, therefore [image: ] = 1 + 2 = 3.
      

      Back

    

  
    
      Question 8

      Answer

      
        	 
          (a) 3C 465 is a FR I galaxy. It is clearly brightest in the centre, with the surface brightness decreasing towards the edges
            of the lobes. Figure 25 shows an annotated version of the intensity maps in Figure 24.
          
 
        

        	 
          (b) 3C 105 shows the regions of enhanced emission at the edge of the radio lobes characteristic of the FR II class.
 
        

      

      
        [image: Figure 25]

        Figure 25 (a) The central regions of this radio galaxy (3C 465) are brightest: they are surrounded by the most contour lines.
          Hence it can be classified as a member of the FR I class. (b) This radio galaxy (3C 105) shows regions of bright emission
          at the extreme edges of the lobes, i.e. it exhibits ‘limb-brightening’. Hence it can be classified as a member of the FR II
          class
        

      

      Back

    

  
    
      SAQ 8

      Answer

      The observation was made at a wavelength of 6 cm. We can work out the corresponding frequency using the equation relating
        speed, frequency, and wavelength for electromagnetic radiation, [image: ] = c /λ. Inserting values (using cgs units), we find,
      

      
        [image: ]
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      Question 9

      Answer

      The permitted lines are: Hδ, H[image: ], Hβ, H[image: ], HeI λ3587, CaK, HeII λ4686, HeI λ5876, NaD, Ly[image: ], NV λ1240, SiIV λλ1394, 1403, CIV λ1549, HeII λ1640, OI λ1304, CII λ1335.
      

      The forbidden lines are: [NeV] λ3425, [OII] λ3727, [FeVII]λ3760, [NeIII] λ3869, [OIII] λ4363, [OIII] λ4959, [OIII] λ5007,
        [FeVII] λ6087, [NII] λ6583, [OI] λ6300, [NV] λ3346, [NIII] λ3968, [SII] λ4071, [CaV] λ5309, [FeVII] λ5721, [OI] λ6364, [FeX]
        λ6374, [SII] λλ6717, 6731.
      

      The semiforbidden lines are: OIV] λ1402, OIII] λ1663, SiIII] λ1892, CIII] λ1909, NIV] λ1486, NIII] λ1750
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      Question 10

      Answer

      The wavelength and frequency are related by the wave equation: c = λ[image: ], where c is the speed of light and λ and [image: ] are the wavelength and frequency respectively. Therefore, at wavelength 912 Å, the frequency is[image: ]where we have been careful to use consistent units of length. Evaluating this we obtain [image: ] = 3.29 × 1015 Hz.
      

      The energy of the photon is given by Eph = h[image: ], so evaluating this with h = 6.626 × 10−34 J s, we obtain E ph = 6.626 × 10−34 × 3.29 × 1015 J, i.e. Eph = 2.18 × 10−18 J. If we instead use the cgs value for h: h = 6.626 × 10−27 erg s, we obtain Eph = 6.626 × 10−27 × 3.29 × 1015 erg, i.e. Eph = 2.18 × 10−11 erg. We could alternatively have arrived at this by multiplying the answer in joules by 107, since there are 107 erg per joule. To obtain the energy of the photon in electronvolts we need to remember that an electronvolt is the energy
        gained by accelerating an electron through a potential difference of 1 volt. Since the charge on the electron, e = 1.602 × 10−19 C, and 1 joule is liberated by accelerating a coulomb of charge through a potential difference of 1 volt, the energy in electronvolts
        is the energy in joules divided by the number of coulombs carried by a single electron. Hence 
      

      Eph = 2.18 × 10−18 J = (2.18 × 10−18)/(1.602 × 10−19) eV = 13.6 eV
      

      The natural choice of units here is electronvolts, as the value of Eph is an easily visualised quantity in these units.
      

      You may recognise this as the energy required to ionize hydrogen.
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      SAQ 9

      Answer

      Colours are unaffected by changes in distance (except if reddening is important), so objects can be compared by simply plotting
        their measured colours. To make a colour–magnitude diagram the distance is needed to convert from apparent magnitude to absolute
        magnitude when the objects are not all at the same distance.
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      SAQ 10

      Answer

      The Wien tail is the short-wavelength (or equivalently the high-energy) part of the blackbody spectrum.
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      SAQ 11

      Answer

      Because these are the hottest stars, and therefore will have the largest U-excess (see the vertical axis of Peterson Figure 1.6).
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      SAQ 12

      Answer

      This effect occurs for quasars with redshifts such that the Lyman [image: ] emission line (which has rest wavelength 1216 Å) appears in the observed U band (i.e. between 3000 Å and 4000 Å). Because Lyman [image: ] is such a strong emission line, it causes an appreciable enhancement in the U band apparent brightness. Consequently quasars whose continuum emission would have been too faint to detect without the contribution
        of the line emission can be detected. As a result it might appear that there are more quasars than otherwise expected at these
        redshifts.
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      SAQ 13

      Answer

      By detecting redshifted absorption lines in the spectra of even more distant quasars.
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      SAQ 14

      Answer

      Because there would be several serious selection effects:

      
        	
          The 3C catalogue is a radio catalogue, so all the entries are example of radio-loud quasars, which are only about 10% of the
            total population of quasars.
          

        

        	
          The 3C catalogue only contains objects which appear very bright, so suffers from a strong Malmquist bias.

        

        	
          The 3C catalogue was made with low angular resolution observations, and is limited by ‘confusion’ where sources overlap. This
            could cause additional selection effects, such as excluding objects in clusters of galaxies.
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      SAQ 15

      Answer

      Not necessarily. Dust in the vicinity of an AGN may absorb optical light, so infrared searches reveal more AGN.
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      Activity 1: Context: AGN, a developing research field

      Discussion

       Apparently stellar in this context means a point source of light, rather than an extended object such as a galaxy.
      

      In describing the observational characteristics of AGN, Frank, King and Raine use the term non-thermal spectrum. This concise term means that the electromagnetic radiation emitted does not have the blackbody spectrum. The blackbody spectrum is physically very simple: its shape is determined by a single parameter, the temperature, T, of the emitting source. However not all sources of light emit blackbody radiation. For example, the electromagnetic radiation
        emitted by an accelerated electron does not have a blackbody spectrum. We discuss this in Section 7.
      

      Keywords: central engine 
      

      Back

    

  
    
      Activity 4: General properties of quasars and power-law emission

      Discussion

      Morphology is a technical way of referring to shape. Thus the ‘radio morphology’ referred to in the opening section of Peterson
        1.3.1 is simply the shape(s) of the spatially resolved radio emission.
      

      Keywords: spectral energy distribution (SED), power law, power-law index,  [image: ]
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      Activity 5: Pictures via radio: extended radio sources

      Discussion

       Surface brightness refers to the amount of radiation per unit solid angle. An extended source may have a large total brightness, without having
        a particularly high surface brightness. In contrast, the small nucleus of a Seyfert galaxy emits about the same amount of
        radiation as the total emitted from the entire host galaxy. The nucleus has high surface brightness, the surrounding galaxy
        has low surface brightness.
      

      Keywords: Fanaroff–Riley (FR) classes I and II, core, lobe, jet
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      Activity 6: Quasar variability

      Discussion

       Coherence arguments are to do with light travel time.
      

      The chanting of the crowd at a football match is often incoherent: several versions of the same chant will be heard from different
        sections of the crowd, with perceptible time delay(s) compared to the leading chant. This occurs not because football crowds
        are a disorganised rabble, but because the time taken for sound to travel from one end of the stadium to the other causes
        an appreciable delay. In contrast, members of a choir inside a concert hall sing coherently. They have no difficulty in keeping
        in time, because the distance between the singers is small, so the sound travel time from one to another is imperceptibly
        small.
      

      Keywords: variability, timescale
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      Activity 7: Colours and broad lines

      Discussion

      Peterson Figure 1.6 is a colour–colour diagram and the annotated line is the locus of the main sequence in this graph: that
        is to say, any main-sequence star should fall on (well, nearby!) this line. Any source of light which has intrinsic colours
        which deviate from this line cannot be a normal main-sequence star. Thus probable quasars can quickly be picked out.
      

      In section 1.3.3 Peterson refers to the blackbody distribution, this is just shorthand for ‘blackbody spectral energy distribution’, which you know as the ‘blackbody spectrum’.
      

      The Balmer continuum absorption edge is also known as the Balmer jump. This feature corresponds to the threshold (λ = 3646 Å) at which a photon can cause an ionization from the n = 2 level of hydrogen. Less energetic photons can only be absorbed by hydrogen in the n = 2 initial state if their wavelength corresponds to one of the Balmer series lines. Photons with energies just above the
        Balmer continuum absorption edge are very likely to be absorbed by any hydrogen atom in the n = 2 state that they encounter, causing a photoionization. Consequently, for stars hot enough for there to be significant
        numbers of hydrogen atoms in the n = 2 excited state, the emitted flux drops appreciably at wavelengths λ< 3646Å compared with λ > 3646 Å.
      

      Keywords: Balmer jump (= Balmer continuum absorption edge), UV excess, flux-limited sample, equivalent width
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      Activity 8: Quasar redshifts

      Discussion

      Keywords: cosmological probes, luminosity function, quasar absorption lines
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      Activity 9: Radio-quiet quasars

      Discussion

       High Galactic latitude refers to directions which are away from the plane of the Milky Way Galaxy, see Figure 30. The plane of the Milky Way is at Galactic latitude = 0°, in the same way that the Earth's equator is at (terrestrial) latitude = 0°. Directions close to Galactic latitude = 0° go through the most densely populated parts of the disc of the Milky Way where
        dust obscures distant sources and there are many foreground stars belonging to the Milky Way. Extragalactic astronomers make
        observations primarily of objects at high Galactic latitude, where the line of sight is out of the disc, so that a higher
        proportion of the detected objects will be distant galaxies. The Hubble Deep Field (see Figure 31) is an example of a high Galactic latitude line of sight.
      

      Keywords: luminosity function, radio-loud, radio-quiet, sample selections

      
        [image: Figure 30]

        Figure 30 Galactic latitude is measured from 0° in the plane of the Milky Way Galaxy. The figure shows lines of constant Galactic latitude and longitude overlaying (a) an
          optical image of the entire sky (b) an infrared image of the entire sky. In the optical image the dust in the plane of the
          Milky Way is clearly apparent. The dust is more transparent at infrared wavelengths, so the centre of the Milky Way is seen
          in image (b)
        

      

      
        [image: Figure 31]

        Figure 31 The Hubble Deep Field. Most of the objects in this picture are distant galaxies. As well as containing few foreground
          stars, this line of sight was chosen because it contains no bright nearby extragalactic objects
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