ASTR1001 Fake Cosmology Exercise: The Answers

Warning – do not get too intimidated by all this information. I wasn’t expecting anyone to get all of this out – it would probably be beyond even professional cosmologists to crack the lot in the time. I was very impressed with how far most of you managed to get: hopefully it has given you some idea of what real research is like.

These notes are a combination of the notes I wrote to myself while faking the data, with some more explanation added of some of the trickier calculations and concepts. If you have any unanswered questions after reading this, please bug me. I’m up at my Stromlo office most of the time right now, so e-mail me to arrange a time.

The Distance Scale.

Zog’s star lies in the outskirts of the GMS, which is a fuzzball just like any other (only nearer). The fuzzballs have the shapes of elliptical galaxies or globular clusters, and have sizes intermediate between the two. Interestingly, naïve cosmological models say that our universe should consist entirely of objects like this: you have to fudge the models to produce spiral and elliptical galaxies with the much bigger sizes we observe.

The lack of dust clouds in the fuzzballs is again typical of globular clusters and elliptical galaxies. As stars form in dust clouds, this implies that no stars are currently forming – ie. that the stellar populations of the fuzzballs are old. This explains why no cepheid variables are seen – they belong to young stellar populations.

Instead you see a different class of variables: RR Lyrae stars. These all have the same period and luminosity and so can be used to measure the distance scale in just the same way as cepheids (all the 2-hour ones, that is. The 3 hour one was an odd-ball which gave wrong answers). Using the RR Lyrae stars with their distances measured by parallax, you can calibrate the distance scale, and then show that the centre of the GMS is about 500 pc (kiloparsec) away. You can also get the distances to M23 and M86. These distances prove that the fuzzballs are similar to the GMS: isolated collections of about ten million stars.

Using M86 you can then calibrate the supernova distance scale, and find the distances to M12, NFC64 and B3 with high accuracy. You can also calibrate the total brightness of the fuzzballs, which turns out to be a reasonably standard candle. 

Distances to various galaxies:

M23: 

0.35 Mpc

M86

0.6 Mpc

M99

1.1 Mpc

M19

2.25 Mpc

M6

2.3 Mpc

NFC531
38 Mpc

NFC64

39 Mpc

NFC39

41 Mpc

NFC245
41 Mpc

NFC97

48 Mpc

M48

3.1 Mpc

M81

6.1 Mpc

M22

11.3 Mpc

LMS

50 Mpc

The nearest stars in the night sky have V fluxes of around 10-11 W m-2 nm-1, and are about ten light-years away. Fuzzballs contain around 107 stars. A fuzzball 1 Mpc away would have its brightest stars at a flux of 0.5x10-22 W m-2 nm-1, and the whole at 0.5x10-15 W m-2 nm-1.

The southern jet with redshifts is a galaxy 15 Mpc away. 

All fuzzballs have the same total luminosity, to a (50% factor in brightness. The scatter in brightest stars is less: (10%, but in the more distant fuzzballs they’ve been confused with star clusters, a la Hubble.

Distances along the short axis (Dec (90) are denoted x, those along another direction y. The two jets with positions are at x=20, y=1.75, and x=12.5, y=0.705 The “jet” extending from the northern blue spot is a galaxy at x=15, y=0.25.

Hubble’s Constant

Using these distance indicators, you can show that Hubble’s Constant is not a constant: you get different values in different directions. Towards the blue spots, H0=-20 km/s/Mpc, while towards declination zero, H0=+144 km/s/Mpc. Thus the universe is contracting along one axis, but growing much faster along the other two. I’ll discuss at the end what this implies for the Big Bang.

The Geometry of Space

This is the biggest and trickiest issue, as most of you realised. The biggest clue that something strange is going on is that the microwave background is correlated near dec=+90 and dec=-90. The chains of fuzzballs seemingly pointing at both blue spots are another clue. Another clue is that the two blue spots are in exactly opposite directions on the sky, which is a pretty amazing coincidence if they are just two funny quasars or some such.

The radio galaxies are perhaps the most powerful clue. As many of you noticed, the radio jets protruding from both blue spots have the same RA as M12 and NFC64: a very curious coincidence. You can use supernovae to calculate the distance to M12 and NFC64: they are 50 Mpc apart and the line joining them is parallel to the Dec (90 line. Curious!
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At this point you might have come up with a hypothesis: perhaps you have a chain of radio galaxies, all the same, repeating every 50 Mpc. If you calculate the consequences of this model, you will find that it accurately predicts the X-ray fluxes and coordinates of all the sources in both radio jets. Clearly this is telling us something. But what?

(
Does the measurment of  ( tell you that you are living in a flat universe? Unfortunately, it does nothing of the sort, as ( was measured on too small a scale, and too inaccurately.

To see this, consider a bug living on the surface of a sphere of radius R. The bug tried to measure ( by drawing a circle of radius r and measuring its circumference c. ( should then be equal to c/2r. What will the bug measure?
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The true radius of the circle is not r (measured along the arc of a circle) but a, which is shorter. In fact, for ( in radians, r = R(, but a = R sin((), which is less. So, a bug will measure 
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If r<<R (as will almost certainly be the case for any realistic experiment: ie. you are measuring ( with an experiment that is small compared to the radius of the universe), you can replace sin(() with its Taylor series expansion about zero, ie.
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Now in the small angle approximation (and for ( measured in radians), ((r/R, so substituting, and ignoring higher order terms in (, we find that:

This then tells you how accurately you must measure ( to determine whether it has its usual value or not. It basically depends on the square of the ratio of the size of your experiment to the radius of curvature of the universe.  Using this equation, the fact that ( was normal to ten decimal places on interplanetary scales tells you that R>2.5(1015 m, ie. the radius of the universe must be greater than a quarter of a light-year. This really isn’t all that helpful – clearly enormously greater precision or a much bigger experiment is required.

So – the universe can be curved. But is it? And how does this explain the chains of galaxies and the microwave background correlations?

A Cylindrical Universe.

The universe seems to have some sort of symmetry along the plane of zero declination. It is not a simple mirror symmetry, except for the microwave background: fuzzballs do not line up exactly in the two hemispheres. But you do find chains of very similar looking sources in both hemispheres, at precisely the same right ascensions. And for M12 and its clones, you appear to have an endless array of repeating objects at 50 Mpc (mega-parsec) intervals.

Could these repeating chains explain all the jets? The enormous supernova distance to B3 supports this suggestion, by placing B3 far behind the GMS. If you calculate the angles (and hence declinations) of the chain members, you find that they exactly fit the mathematical relation that this repeating chain model predicts. This also explains the redshifts of the jet fuzzballs. The ones closer to the blue spots are further away, which is why they appear to lie closer to the blue spots. They have greater blueshifts, as the light from them has been travelling further to reach us and hence has been more compressed by the shrinking of the universe along this axis.

But why should everything repeat every 50 Mpc along this direction? The simple answer is that the universe might have a cylindrical geometry (ie. a flat geometry rolled up around one axis). The circumference of the cylinder would be 50 Mpc. The LMS is the back of the GMS, seen looking the other way around the cylinder. Every fuzzball can be seen multiple times, by looking a different number of loops around the cylinder.
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Another way to see this is to look at a flat universe 50 Mpc wide, but to assume that any light ray going off the left edge comes back on the right edge.
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Thus the jets are just multiple images of the same fuzzballs, seen once, twice, three etc times around the cylinder.

The Blue Spots

What then are the blue spots? Why are they so perfectly alighted with the axis of the cylinder? Why do they have the blue featureless spectra?
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If you look exactly along the short axis of the cylinder, you will see yourself (ie. the GMS). This is what the LMS is. But that’s not all. Fuzzballs are basically transparent: they have no gas, only stars. Stars are very small compared to the size of a fuzzball, and lie very far apart, so most light passing through a fuzzball will pass straight through, without hitting anything. So, if you look through the GMS, 50 Mpc further away you will see it again (looking like the SMS). And 50 Mpc further still you will see if again. And so on – you will see an infinite progression of images of the GMS superimposed on each other. This accounts for the slanted off-centre shape of the blue spot.

The blue spots are just the endlessly superimposed image of Zog’s own ‘galaxy’, the Greater MilkStain, as you look around and around the cylindrical space. Each image is 50 Mpc further distant than the one in front, and not quite lined up centrally (because the line from Zog around the cylinder’s diameter does not go through the centre of the GMS.
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Why are they so bright? Assume that the GMS has a luminosity L. We will see an image of the GMS at distance 50 Mpc, 100 Mpc, 150 Mpc etc in both directions. The flux we receive from a GMS image at distance r is (ignoring the effect of red/blueshift), L/4(r2, by the inverse square law. Thus, ignoring blueshift, the brightness (flux of energy received per unit area per second) of the blue spots should be:

where l is the average luminosity of GMS images per unit length (ie. L/50 Mpc). Approximating the sum by an integral makes the maths easier. It is a lousy approximation nearby (say for the first ten or so images), but it will turn out that most of the light comes from much further away, where this approximation is just fine.
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Let’s integrate this.

ie. pretty much the same luminosity as just the first image (the one 50 Mpc away). All those squillions of other images add up to very little. There may be an infinite number of them but their brightness drops off as r-2, which more than makes up for their infinite numbers: they add up to almost no flux. Only the nearest few matter. This is different from Olber’s paradox, because the number of galaxies per unit r is a constant: for the Olbers paradox calculation, the numbers go up as r2, which cancels the inverse square law.

So why are the blue spots so bright? We have to allow for the effects of blueshift z. The amount of energy we receive per unit area per second (the flux) is increased by two effects. Firstly, as the universe shrinks, the distance between all the photons en-route to us goes down. So the rate at which they arrive at our telescope goes up, by a factor of (1+z). Secondly, each photon gets steadily shorter as it flies, and the energy of a photon is proportional to its frequency. So, its energy increases proportional to (1+z). So, allowing for these relativistic effects of the shrinking universe, the flux we receive from a galaxy at redshift z is:
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and z, of course, is proportional to distance, say r=hz. So, substituting into the integral, we find that:
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So – that extra redshift term changes everything. As h is small, when you start the sum or the integral, the contributions to the flux drop off rapidly. But the really distant images of the GMS are brighter than they should be due to this blueshifting. For the furthest of them, the blueshift cancels out the inverse square law, so the total light sums to infinity!

So – the real puzzle is why the blue spots aren’t infinitely bright. The reason must be that this universe had a Big Bang (as you can tell from the microwave background). If you look far enough back, fuzzballs hadn’t formed yet, so l=0. This is what saves Zog from being illuminated by infinite UV brilliance from the blue spots. Zoggian astronomers could use the exact brightness of the blue spots (and their shape) to determine when the GMS formed, and how its stellar population has evolved over time.

Advanced exercise for the reader: why doesn’t the whole sky near the blue spots shine with almost equal brightness?

Number Counts.

The counts of fuzzballs as a function of luminosity are evidence for an evolving universe. In space was flat and unevolving, the number of galaxies found down to some flux limit f should be proportional to f 3/2. I won’t derive this famous result here: see Jeremy Mould’s notes on-line for the (very simple) derivation of this law.

If you plot Zog’s number counts, you will find that he numbers rise much faster than this simple law predicts. The same applies in our universe. In our universe, this is explained by a combination of the cosmological constant and the evolution of galaxies (the so-called faint blue galaxy problem – see Jeremy’s notes). Something similar must apply in Zog’s universe.

Conclusions

I hope this is all making sense. If you can find a logical flaw in all this I will add 10% to your mark for this assignment.

So – Zog lies in the outskirts of a dwarf elliptical galaxy, the Greater Milkstain. The centre of the GMS in a kiloparsec from Zog. Other dwarf ellipticals cover the sky. The universe has a cylindrical geometry, which explains the blue spots and the jets. The universe is expanding fast along two axes but shrinking along the radius of the cylinder: ie. the cylinder is becoming longer and thinner. The universe had a Big Bang (as we see evidence for evolving number counts and the microwave background). You can possibly estimate how long ago it happened by extrapolating the expansion along the cylinder  backwards to zero size: this gives an age of 5-10 billion years.
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