Lecture 6: Acoustic Oscillation



Part |I: Hydrodynamics of Photon-
baryon Fluid



Creation of sound waves in the fireball Universe
Basic equations

 Conservation equations (energy and momentum)
 Equation of state, relating pressure to energy density of the a component

Pa :Pa(poz>

* (General relativistic version of the “Poisson equation”, relating gravitational
potential to energy density > >
V@(t,x) = 4nGa“(t)opr (L, )

* Evolution of the “anisotropic stress” (viscosity) T
This is still the Newtonian expression,

which must be extended to GR.



Energy Conservation

e Total energy conservation: 0 = baryon, photon, neutrino, dark matter

> { e - 2(35,% 1 30P, + V27y) — 3(pa + P

8
1 anisotropic stress:
_ — [or, viscosity]
' P,)V2ou } — 0
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Vo, = —VOu,
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e (C.f., Newtonian result

6p 4+ pV=ou =0

561 = —3 P—pd

e (C.f., Total energy conservation [unperturbed]

> (o - 5 G+ )] =0

o a -




Energy Conservation

e Total energy conservation: a = baryon, photon, neutrino, dark matter

> { e - 2(35,% 1 30P, + V270 — 3(pa + P
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-~ (pa + Pa)v%ua} —0,
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* Again, this is the effect of locally-defined inhomogeneous
scale factor, I.e.,

e The spatial metric is given by ds* = a*(t) exp(—2V)dx"

e Thus, locally we can define a new scale factor:
s a(t,x) =a(t)exp(—V)



Energy Conservation

e Total energy conservation: a = baryon, photon, neutrino, dark matter

> { e - ;”(35,% 1 30P, + V27y) — 3(pa + P)W

84

1 _
H— (P + Po) V00| = 0,
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e Momentum flux going outward (inward) -> reduction
(increase) in the energy density

o (C.f., Newtonian result
6p 4+ pV=du =0
50t = —6 P—pd




Momentum Conservation

1
_ Vo, = —VOou,
e Total momentum conservation a

0 3a

g {a[(ﬁa T Pa)5ua] | (1504 - pa)(S’u,a

a

H(pa + PP HOP, |+ Vimgp =0,

e Cosmological redshift of the momentum

e Gravitational force given by potential gradient

o (C.f., Newtonian result

6p 4+ pV=du =0

e Force given by pressure gradient




Equation of State

e Pressure of non-relativistic species (i.e., baryons and cold
dark matter) can be ignored relative to the energy density.
Thus, we set them to zero: Ps=0=Pp and 6Ps=0=06Pp

e Unperturbed pressure of relativistic species (i.e., photons
and relativistic neutrinos) is given by the third of the energy

density, i.e., Py=py/3 and Py=pv/3

* Perturbed pressure involves contributions from the bUlk
viscosity: §P., = (6p, — V?7,)/3
0P, = (0py — VQWV)/S

8




e Pres

e Unp

¢ Per Jed ulIc

If you know a bit of GR:

The reason for this is that the
trace of the stress-energy of
w2 relativistic species vanishes: g%

Thu
du=0,1,23 Ty#=10

ons

and nergy

den

e voves contoutons o aie wulk
viscosity: 6P, = (6p, — V*m,)/3
oP, = (6p, — V?m,)/3
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Two remarks

Do we need to sum over a?

* |n the standard scenario that we shall assume throughout this lecture,

* Energy densities are conserved separately; thus we do not need to
sum over all species.

 Momentum densities of photons and baryons are NOT conserved
separately but they are coupled via Thomson & Coulomb scattering.

This must be taken into account when writing down separate
momentum conservation equations.

 Next, we solve the conservation equations to derive the sound wave
propagating in the fireball Universe.
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Conservation Equations for
Photons and Baryons

e Fourier transformation replaces V2 — —¢?
X(t,x) = (2m)° /d3q Xq4(t)exp(iq - x)

0 B 4q° -
a@m/m) 32 Ou~r = AU
0 B q° -
o (0pp/pp) — Foup = 3¥ | |
momentum transfer via scattering
0 0py g7

a&(5u7/a) + P + 1 2




Conservation Equations for
Photons and Baryons

 Fourier transformatlon replaces V<4 — q2

X(t,x) = / dq X,(t) exp(iq - )
%(5/0’7//57) ggz bu, = AW
%(503/ ) Z: OUp :W hatfjim
(‘? (dur/a) + D + iﬁv — %@phgns?:'%izzéulg — U~ )
Sip +® — “”;6 (Sug — Su.,)

R = 3:5B/4i5'y



Peebles & Yu (1970); Sunyaev & Zeldovich (1970)

Formation of the “Photon-baryon Fluid”
Nobel Prize in Physics (2019)

e Photons are not an ideal fluid. Photons free-stream at the speed of light.

e [The energy and momentum conservation equations are not enough because we
need to specify the evolution of viscosity.

e Solving for viscosity requires information of the phase-space distribution function
of photons: Boltzmann equation.

e However, frequent scattering of photons with baryons(*) can make photons behave
as a fluid: Photon-baryon fluid.

(*)Photons scatter with electrons via Thomson scattering. Protons scatter with electrons via Coulomb scattering.
Thus we can say, effectively, photons scatter with baryons
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The Royal Swedish Academy of Sciences has deaded fo award
the 2019 Nobel Prize in Physncs to '
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https://www.nobelprize.org/uploads/2019/10/fig2_fy en_backgroundradiation.pdf

The spots show small
temperature variations
in the background radiation.

Background radiation
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Sound waves in the
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Copyright © 1970 by D. Reidel Publishing Company, Dordrecht- Holland
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hifect of Baryon-—Density

110 —————————————————— The predicted sound wave
100 COBE ) was found in 1999-2000.
0 MAXIMA—1 (x0.96) | No one (Peebles, Sunyaev, or Zeldovich)

80 . BOOMERanG-98 (x1.1) 4 thought that this would ever be observed,
TS ] because the effect seemed so tiny.

70 0, h?=0.03 -
-—— ,h%=0.025 -
60 — "t R, e (0, h?*=0.02 - The golden lesson to learn

It does not matter how small the effect
would seem to you now. Publish your
calculation!

20

AT, | 1K ]

40

30
If the effect is worth measuring, it will be

<0 measured.
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Part Il: Tight-coupling
approximation



9
Yot

Let’s solve them!

e Fourier transformation replaces V? — q2

X(t,@) = (2m)7 [ ¢ X () expliq @)
0 ~ 4q° -
5 (0p~/P~) 32 Ou~r = AU
0 q° -
—(dpp/p 0 = 3V
8t( PB/PB) 72 up
Ou~/a) + D+ 667 — qzjw = o7Ne(0up — du~)
4p., 20~
Sip + & = “;”e (Sup — du.)

20 R = 3,53/4,57



Peebles & Yu (1970)
Tight-coupling Approximation

e When the Thomson scattering is efficient, photons and baryons
“move together”; thus, their relative velocity is small. We write

5 ’U,B a— 5 U v — d / O T’fL e [d is an arbitrary dimensionless variable]

e Andtake 071N — OQ (*). We obtain

8 5,0 d
0 P = d 01 P =——

(*) In this limit, viscosity rtyis exponentially suppressed. This result comes from the
Boltzmann equation but we do not derive it here. It makes sense physically.




Peebles & Yu (1970)
Tight-coupling Approximation

e Eliminating d and using the fact that R is proportional to the
scale factor, we obtain

(9 0 Py
Qo (1+ R)ou~/a]+ (1+ R)D + 15,

e Using the energy conservation to replace duy with opy/py,
we obtain

=3

1 0 9, 4q° f 0p~/P~y
ST 0 0+ B g pn /by —4) | + 3 58+ ety =0

The wave equation, with the speed of sound of cs2 = 1/3(1+R)! ) -
22 (cf)0pq + csq”0pg = 0




Peebles & Yu (1970); Sunyaev & Zeldovich (1970)

Sound Wave!

1 0 4(]2@ n q° 0~/ P~y

— (0

% )
ao(1+ R) Ot [“(1 T R) 57 0Py /Py - M)] T 3:2° T 423(1+ R)

* Jo simplify the equation, let’s first look at the high-frequency solution

e Specifically, we take g >> aH (the wavelength of fluctuations is much shorter than
the Hubble length). Then we can ignore time derivatives of R and W because they
evolve in the Hubble time scale:

1O 0 s ], % s _
a Ot _a&(épv/'%)] T 72 0p~/py +4(1+ R)P| =0

The sound wave solution!

(c.f.)
0pq(t) = Aq cos(qcst) + Bg sin(gest)




Recap

Focus on physics!

 Photons are not a fluid; but Thomson scattering couples photons to baryons,
forming a photon-baryon fluid.

e The reduced sound speed, cs2=1/3(1+R), emerges automatically. Beautiful!
dt’
c(t
a(t’) ()

e Opy/4pyis the temperature anisotropy at the bottom of the potential well. Adding

gravitational redshift, the observed temperature anisotropy is 6py/4py+ @, which is
+&(tL)

5 U
4= A cos(qrs) + Bsin(qrs) — R@ N/
4:0 Y 2 =3pp/4py =

tL
e The relevant sound horizonis r; = /
0




Part Ill: Build a Universe!

https://wmap.gsfc.nasa.gov/resources/camb_tool/index.html

Running this web tool requires Flash Player.
Enable it before using this tool.



CMB Analyzer
https://map.gsfc.nasa.gov/resources/camb_tool

'

Power Fluctuations (pK2)

Universe Content

aq 2 05 0.2
Atoms

H | ; T 100 9 Angle across the sky (deg)

Cold Dark Matter
x = 1 T4 % 6.9 billion years
P * I 4% 1.7

Additional Properties

Hubble Constant
: | : |

>4
3

Reionization redshift
f l I 22

e You change these “cosmological parameters” to
; , > : > 08 make the blue curve in the power spectrum figure
match the data points (and the red curve) ANSWER “RESET




Your Mission
“Fit” the data

1. Find the parameters that match the data points
2. Record the behaviour of the power spectrum, when you vary a parameter

 For example: What happens when you reduce the “Spectral Index”? What
happens when you increase “Atoms”?

» Tip: Where to start? Start by varying one parameter away from the best-fitting
parameter you found in (1)

 EXxplore the behaviours of as many parameters as you have time to explore
3. Document your findings in the shared note.

» | have not yet taught you how the power spectrum depends on the parameters.
S0, collect data yourself now; it helps you understand physics later.



