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ABSTRACT

The diference in the adiabatic indices of photons and non-reséitivbaryonic matter in the early Universe causes the @ectr
temperature to be lower than the radiation temperature loyadl amount. Comptonization of photons with colder eleasroesults

in the transfer of energy from photons to electrons and iastd the recoil flect. Thermalization of photons with a colder plasma
results in the accumulation of photons in the Rayleigh-S¢aih aided by stimulated recoil, while the higher freqeyespectrum tries
to approach Planck spectrum at the electron temperaifife= T. < T."", i.e. Bose-Einstein condensation of photons occurs. We
find new solutions of the Kompaneets equation describirgdfect. No actual condensate is, in reality, possible sinceptbeess

is very slow and photons drifting to low frequencies afeceently absorbed by bremsstrahlung and double Comptorepses.
The spectral distortions created by Bose-Einstein corademsof photons are within an order of magnitude , with elyattte same
spectrum but opposite in sign, of those created Hjusiion damping of the acoustic waves on small scales comelsmp to a
comoving wavenumber 45 k < 10* Mpc™, the initial perturbations on these scales are completedpservable today due to their
being erased completely by Silk damping. There is canéetlaif the two aforementioned distortions, leading to seppion ofu
distortions expected in the standard model of cosmologg. At distortion depends on the scalar power ingdeand running of the
index dInn/dInk. and vanishes for the currently favored parametersfamning spectrumms = 1,dInny/dInk = —-0.038. We
arrive at an intriguing conclusion: even a null result, mimiection ofu-type distortion at a sensitivity of 18, gives a quantitative
measure of the primordial small scale power spectrum.
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1. Introduction (neglecting absorption of photons by bremsstrahlung andliéo
_ _ _ _. Compton). This fflect was discussed by Zeldovich et al. (1968)
In the early Universe we have two strongly interacting fluids,q 4 (1968) and leads to a decrease in the temperature

cosmic microwave background (CMB) radiation and plasmg plasma compared to the radiation temperature at 200
(=ionstelectrons). Electrons and CMB are strongly coupled dyghep, comptonization becomes fhieient due to depletion of
to the Compton process with rate of encray trastler from CMBectrons from recombination. It also drives the 21-cm ipin
to electrons given bfRcompton ~ 1.4 X 107(1 + 2)’s *. This is  temperature to below the radiation temperature raisingtise
much faster than the expansionrat¥(z) ~ 2.1x10*(1+2)’s " sibility of 21-cm absorption of CMB photons by neutral hyero
I, and keeps, - Te < T, at redshiftsz » 200.T, is the ef- gen. This transfer of energy from CMB to matter happens at
fective temperature of radiation (to be defined below) @ad g|| redshifts, as long as there is significant free electromn
is the electron temperature. lons and electrons exchareggyen per density, and results in deviations in CMB spectrum from
via Coulomb collisions at a raReouomb~ 3% 10°%(1+2)¥*s™  the plackbody. Recently Chiuba & Sunyaby (2011) have numer-
i1981) keepinde — Ti < Te, whereTiis jcally studied these deviations from the blackbody in theBCM
the temperature of ions. Thus we haye~ Te ~ T; to high pre- spectrum. Below we will demonstrate that the problem of spec
cision atz > 200. Non-relativistic matter has an adiabatic indeya| deviations of CMB due to loss of energy to plasma, in the
of 5/3 while the adiabatic index of radiation ig3t Adiabatic case of small spectral deviations and small Compton pagmet
cooling due to the expansion of the Universe thus makes tite m@ has a simple analytic solution, when photon production and
ter cool faster than the radiation while comptonizatiordrto destruction is neglected. The resulting flow of photons towa
maintain matter and radiation at the same temperature hg-trajow frequencies as the spectrum tries to approach the Planck
ferring energy from radiation to matter. As a result the gger spectrum is in fact the Bose-Einstein condensation of pt®to
of radiation decreases while the number of photons is ceader The Bose-Einstein condensation of photons unfortunateésd
not progress very far in reality as low frequency photonssdre
1 We give the formula valid during radiation domination just fl-  ficiently absorbed by bremsstrahlung and double Compton pro

lustration. Hubble rate remains much smaller than comp#ditn rate cesses and the Compton process freezes out as the eleatron de
atz > 200 and smaller than the Coulomb rate at even lower redshifts
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sity falls due to the expansion of the Universe and recombirgtituents of the Universe which determine the expansioa rat
tion. and thus the féiciency of comptonization. On the other hand,

Early papers about energy release in the early Universe wéhne energy released due to dissipation of sound waves dyucia
concerned with exotic sources like annihilation of matted a depends on the power in small scale fluctuations, and thus the
antimatter, primordial turbulence, decay of new unstalalgip spectral indexr(s) in the standard cosmological model in ad-
cles, unwinding of topological defects like domain wallsdandition to the other well measured parameters of the standard
cosmic strings etc. Experiments beginning with COBE FIRASosmological model, (Komatsu et al. 2011). It is interestia
(Fixsen et dl. 1996) have been unable to find any significant dinote that for a spectrum with constantthe energy release due
tortions in the CMB from blackbody. New proposals likexl?  to dissipation exceeds the energy losses to adiabaticngpofi
(Kogut et al[20111) are demonstrating that a tremendousaser baryons and there is net heating of electrons. For a prirabrdi
in the sensitivity is possible in the future experimentsiPis  spectrum with a running spectral index, the role of comani
proposed to be 1000 times more sensitive than COBE FIRA®In with colder electrons and Bose-Einstein condensatam
There is hope that this is still not the last word and evenédrighbecome dominant, with the spectral distortions changigg,si
sensitivity might become possible in the future. Under¢heis  and there can be net cooling of electrons and a correspodding
cumstances we decided to check what minimum levels of deease of CMB entropy per baryon (specific entropy). Addgio
viations from blackbody spectrum are expected in the stahdancrease of entropy during the recombination epoch duegersu
cosmological model (Komatsu etlal. 2011). In this paper wk wposition of blackbodies, free streaming as well as Silk dagp
consider only the spectral distortions arising before the & and second order Doppleffect only produce-type distortions
dark ages and beginning of reionization. We will demonstraand can be distinguished from tixedistortions created in the
that, in the absence of decay and annihilation of new unknowarlier epoch.
particles or any other new physics beyond the standard model
there are only three key reasons for significant global s;qakact2
distortions in the CMB. '
1. Bose-Einstein condensation of CMB photons due to the dive can obtain the energy losses due to adiabatic cooling
ference in the adiabatic indices of non-relativistic plasamd of baryons under the assumption that Compton scattering,
photons. bremsstrahlung and double Compton scattering can maiiotéin
2. The energy release due to dissipation of sound waves &nd thermodynamic equilibrium between the electrons and pito
tial perturbations due to Silk damping (S$ilk 1968) and secorThis is true to high accuracy at> 10° while at smaller red-
order Doppler &ect due to non-zero peculiar velocity of elecshifts, although bremsstrahlung and double Compton soajte
trons and baryons in the CMB rest frame, both leading to tikannot help in restoring a Planck spectrum at all frequencie
superposition of blackbodies (Zeldovich et al. 1972) inglee- comptonization keeps the electron temperature equal tefthe
tron rest frame. fective radiation temperature (cf. EG.116)) to high priecisuntil
3. The cosmological recombination radiation from hydroged z ~ 200. In the thermodynamic equilibrium entropy is conserved
helium (Dubrovich 1975; Peebles 1968; Zeldovich et al. 1968and we can in fact use this to calculate the energy lossesodue t

We will omit the distortions caused by the cosmologithe expansion of the Universe without referring to compani
cal recombination process (e.g., see Chluba & Sunyaev 2066n, since it is not really important which physical prosés
Sunyaev & Chlubal 2009, for more details and referencessponsible for the equilibrium.
therein) in the discussion below. They have narrow feataneks We start with the thermodynamic relation,
different continuum spectrum and can be distinguished from
andy distortions fromahe first two mechanisms.%osmolggical Ty0S = dU + PdV — uoN, @
recombination radiation can however become comparablewatiereS is the entropyU total thermal energyP pressureV
larger than those discussed here (Chluba & Sunyaevi 2011)vdfume,u chemical potential andl number of particlesT, is
the distortions from the first and second process partialficel. the common temperature of photons, ions and electrons. We ca
We note also that for any experiment with finite beam sizegtheignore the last term for ions and electrons since their numbe
will be a mixing of blackbodies in the beam due to the tempeis fixed after big bang nucleosynthesis ends. For photons als
ature fluctuations on the last scattering surface on scaleies we can ignore the last term if we assume that their chemical
than the beam size leading to inevitapldistortions of magni- potential is 0, which is true in full thermodynamic equililom.
tude~ (AT/T)? ~ 10° — 10710 (Chluba & Sunyaev 2004). With this assumption we can write the equation for total @oyr

In this paper we find new solutions of the Kompaneegser baryong = s/ng, wheres s the entropy density angk is
equation describing the CMB spectral distortions arising d the baryon number density:

Thermodynamic equilibrium in the early Universe

to process 1 described above. Second mechanism results in

a y-distortion and heating of the electrons at low redshifts. do = d(E/ne) + Pd(1/ne) (2)
At high redshifts comptonization of CMB on the hotter elec- T

trons converts they-type distortion to au-type distortion 3 4 3

(Sunyaev & Zeldovidh (1970b):Illarionov & Sunyaev (197pb) E =arT, + SNngksT, @)
We will demonstrate below that the aforementioned two sesirc 1 4

of distortions work against each other, individually reisg P= §aRTy + NngksT,. (4)

in spectral distortions with opposite sign but the same tsakec
shape in any part of the CMB spectrum.

The cooling of electrons and the corresponding spectral d
tortions are easy to calculate and depend only on the sténd

Here ar is the radiation constant ard is the number of non
fglativistic particles per baryon, so thiitng = ng, We now
integrate Eq [(2) to obtain

cosmological parameters like baryon to photon number tensi 4aRT3 T3/2
ng/n, and helium fraction which decide the amount of energy o= ” + Nkg In[LC], (5)
losses by CMB, Hubble constant{) and densities of con- Ne Ne
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whereC is an arbitrary constant of integration which is not im3. Alternative direct calculation of Energy losses in
portant for our calculation. The first term above is the dentr CMB

bution from photons and it is clear that in the absent of sédcon ) ) ) )

term, T, « (1 + 2). The second term is the contribution of norl-et us remind the reader that adiabatic cooling of baryoadde
relativistic particles and causes the temperature to dightly 0 the cooling of radiation but comptonization itself cones
faster in order to conserve the entropy per baryon. We caie wiihe number of photons. We can write the equation for evaiutio
T, = T(1+1), whereT = T(1+ 2)/(1 + z) is the background of average thermal energy densky in baryons before recom-
temperature proportional tosIzandt < 1 is the fractional devi- Dination as

ation from this law. We can take the initial deviatit{g) = 0 at dEg _ 3, _ dnep 3 dTe

initial redshiftz and then calculate the subsequent energy losses 9z - EkBTeE + EanebE' ®)

to _adiabatic cooling of_ baryons at later redshifts. Thus &e C1pe derivative in the first term on the right hand sidefidz =
write o7, correct to leading order i as 3new/(1 + 2), is just the decrease in number density of particles
(ions and electrons) with redsh#tlue to the Hubble expansion,

3 3 3/2 with nep = pp/u, Wherepy, is the baryon mass density apd
o= ncill + 4arT*(3Y + Nkg In(T—) + 3N—kBt (6) is the mean molecular weight. The change in temperature has
3ns 3ng nsC 2 contribution from adiabatic cooling and also from energinge
from CMB by comptonization.
Equating the above to the initial entropy = o(z) with t = dTe  2Te 2 S 9
0, T = T;, we get upon solving for (and ignoring the last term dz 14z 3kgnep Compron ©)

in Eq. (8) compared to the second term) WhereScompton= 4ksE, Necrr(T, — Te)/mecH(2)(L + 2) is the en-

ergy transfer rate per unit volume from radiation to baryoys
3Nngks . (1+2 Compton scatteringye is the number density of free electrons,
t= 8anT? ( ) o7 is the Thomson scattering cross sectianis the Boltzmann

1+3 constantE, is the energy density of radiation,is the speed

_FEs In( 1+ Z) of light, me is the mass of electron artd(2) is the Hubble pa-
4E, \1+z rameter. Note that redshift decreases with increasing, tsue
59x10° [(1+7 the terms Wit_h 4" sign are cooling terms and terms with"‘_
== I ( ) (7) sign are heating terms. The change in photon energy demsity c
4 1+z therefore be written as,
dEy dEy adiabatic dEy Compton
with AE/E = 4t, sinceE, « T4 andEg = ngnebTe. Note az - (E) (E)
thatt is negative sincez > z and there is net energy loss. AE
IN(Zmax/Zmin) ~ 10 for the redshift range of interest, 260z < - LA Scompton (10)
2x10°, where a mixture ofi andy-type distortions are produced. 1+z
This result for the total energy extraction is consistenthwiwhere the first term is just the adiabatic cooling due to the ex
the estimate obtained hy Chlliba (2005) and Chluba & Suhyggansion of the Universe. We can estimate the energy transfer
(2011). Scompton DY Noting that the baryon temperatdig= T, o« 1 + z

To estimate the magnitude of total distortiopsandy-type, 0 @ high accuracy untit ~ 200, whereT, = 2.725(1+ 2)K is
we takezmax = z = 2 x 10° since at greater redshifts spectralhe CMB temperature. Using this to evaluate the total déviea
distortions are rapidly destroyed by bremsstrahlung ang dd®f electron temperatureTd/dz on the left hand side of Ed.1(9)
ble Compton processes and comptonization, the latter -redd the first term on the right hand side we get

tributes photons over the whole spectrum. Bqr, = 200 we 3 2T, 3 dT,

getAE/E = 5.4 x 10°°. This transfer of energy from radiation Scompton= EanebFz - EanebE

to baryons due to a fierence in their adiabatic indices results E

in an inevitable distortion and Bose-Einstein condengatid =2 (112)
photons. We will show below that the distortion has a magni- 1+z

tude of Ygec ~ (1/4)AE/E ~ 107°. We will define parameter Thus we have fractional rate at which energy is lost by rashat
Yaec and prove this result below. The corresponding deviatida baryons

of the electron temperature from the equilibrium temperstd dE. /dz)Compton g En/E 10
electrons in the radiation field is described by EG.(16) and i (dE,/d2 _ Scompon _ Es/E, _ 59x10° (12)
(T, - Te)/T, ~ 102 atz = 10° growing to~ 0.01 atz = 500. Ey Ey 1+2 1+z

In the Universe there are also inevitable processes like the We can now calculate the totimbctional energy losses of ra-
dissipation of acoustic waves and SEeet from reionization diation which contribute to the spectral distortions betweed-
which would lead to normal Szfkect of similar or greater mag- Shifts Zmin andzmax,

nitude. Due to the additivity of small spectral distortidhese AE zmin dE,

effects will cancel thergec distortions and this diminishes the E - f E

hope that this Bose-Einstein condensation will ever bewese fmax Y
Nevertheless it is important to stress that in the standaschol- _ (" dz (dE, compron
ogy there was an epoch 40- z > 1000 when Bose-Einstein - Lax E, \ dz

condensation of CMB photons due to th&elience in the adia- 14
batic indices of matter and radiation was able to create aliaec = _-59x%x101%n (ﬂ) ) (13)
deviation of CMB spectrum from the blackbody. 1+ Znin



4 Rishi Khatri et al.: Title Suppressed Due to Excessive Lengt

We have integratedE) E since immediate distortions are pro- vGHz

portional toAE/E and the distortions can be added linearly if 4626 1 10 100 1000

they are small. This is the same result as El. (7). CMBx10°®
3e-26 | Ys7=Ypec=10" 3

4. Kompaneets equation

ster'le‘l)
N
P
N
[o)]
T

The interaction of radiation with electrons through Conmpto
scattering or comptonization is described by the Kompaneet » 1e-26 |

equation|(Kompaneéts 1956) in the Fokker-Planck approxima £
tion, when the energy transfer in each scattering is smatfi-co \;; 0t
pared to temperature, and the incoming photon distribuigon < 1626 3 ;
wide compared to the width of the scattering kernel: ek +SZ° ,
@ - izﬂxél (n +n?+ E@) (14) 2 260_01 0.1 1 10
ay X2 ox Tes OX x=hv/kT

where we have defined the Compton parameter Fig. 1. Difference in intensity from the blackbody radiation for

0 ksor nNeTas normal SZ &ect with Ys; = 107° and negative SZfect with
¥(@ =~ f : (15) vVere < 109
7 mec H(1+2) BEC

which is convenient to use instead of time or redshift. One ) )

can furthermore introduce the Compton equilibrium ele® New solution of Kompaneets equation for

tron temperature in a radiation field (Levich & Sunylaev 1971; comptonization of photons with colder plasma
[Dovict 8

11970)

The Kompaneets equation describes, to lowest order, the com

T fn(l + n)x*dx petition between the Doppler boosting of low energy photons
Ton T (nddx (16) high energies and down scatter of high energy photons to low
BB fnx X energies by recoil and stimulated recoil. The initial réidia

Here Tgg is a reference temperature which is equal to the rapectrum is blackbody with temperatufgg. If the electrons
diation blackbody temperature if the initial radiation fiégs a are also at same temperatufe,= Tgg, then these twoféects
Planck spectrum, and = hv/kgTgg is the dimensionless fre- cancel each other exactly. Tt > Tgg, the Doppler boosting be-
quency withy being the frequency of photons. The Equationgomes stronger than recoil and we have the normalfB¢tin
written in this way factor out the expansion of the Universd a the limit of smally parameter. Iffe < Tgg then Doppler boost-
are applicable to Cosmology as well as non-expanding astii@gd is weaker and we have a net movement of photons from high
physical systems. to low energies, completely opposite of the SFeet. But since
The three terms in the inner brackets of Hgl (14) descriBéTe = Tge the two dfects exactly balance each other, at linear
recoil (n), induced recoilit?) and the Dopplerféect due to ther- order the spectral distortions f@g < Tgs would be exactly the
mal motion of electronsT/ Tegdn/dx). Fory < 1 and an initial Same as that fof. > Tgg just with opposite sign.
blackbody spectrum with temperatuFgs, ngs = 1/(e“ - 1), a For Te < Tgg, We can write the approximate Kompaneets
simple first order correction to the blackbody spectrum can Bquation by approximatingn/dx ~ —(n + n?) in Eq. (13),
found (Zeldovich nyaév 1959). By approximafing: n? ~

—on/oxin Eq. [13) we get Z—; =(1- TT—:B %%x“ (n+m?). (19)
on(xy) _1 9| .0n(xy) , . .
Ay ox [X4 x| (17) Analytic solutions can be obtained by the standard method of

characteristics for the recoih) and induced recoirf) terms in-
whereA = T¢/Tgg — 1. This particular form of equation empha-dividually and consist of photons moving down the frequency
sizes that the Doppler term dominates over recoil and is\giviaxes at a speed proportional % for the recoil term Iﬁcﬂs
rise to the spectral distortion by boosting low energy phstim [1971;!lllarionov & Syunyaey 1972) and at speed proportional
higher frequency. The above equation can be reduced tofthe th the x°n for the induced recoil term_(Zel'Dovich & Levith
fusion or heat equation (Zeldovich & Sunyhev 1969) by chan(969);Syunyaév (1971)). To get the linear solution we cat |
ing variables and for which the Green’s function is well kmow substituten(x) = ngg(x) in the right hand side of Eq_(119) and
For small distortions the solution takes a particularlyigien defining the parameter for the amplitude of distortion in¢hse
form and can be found by substitutingg in the right hand side T, < Tgg asYgec = foy(l — Te/Tgg)dy, the result is Eq.[{18)
of Eq. (I3) or Eq.[(II7): with Ysz = —Ygec. We should emphasize that the linear so-
lution, Eq. [I8), can be arrived at in a straightforward wagy b

xeX e+1
An =n(X, Ysz) - ngs(X) = Ysz—— Xex—+1 - 4], (18) just substitutingn(x) = ngg(x) in the right hand side of the
(e-1) B full Kompaneets equation, Eq._(14), without any restrictan
where we have definetfs, = nyAdy. The SZ parameter Te. However the dominant physicalfects whenTe > Tgg

(Doppler) and wherme < Tgg (recoil and induced recaoil) are
v(éompletely diferent and it is the fact that in equilibrium they ex-
actly balance each other which gives us the same matheinatica
form of the linear solution in both cases.
2 For a Bose-Einstein distribution with constant chemicateptial In the Rayleigh-Jeans part of the spectrum we now have a in-
this expression is an identity. crease in the brightness temperatur@®f T = +2Yggc Which is

is related to fractional energy release by the formda =
(1/4)AE,/E,. This can be obtained by integrating the abo
spectrum over all frequencies.
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Fig. 2. Difference in intensity from the blackbody radiation foFig. 3. Comparison of positive and negatiye-type distor-

u distortion defined by the equation witify) = 1/(€™/*T«*# —  tions expected in the early Universe (to be calculated in the
1). T, is the temperature to which the spectrum relaxes for &aiter sections) with they-type distortions before reioniza-
initial energy additiofioss of AE/E with AT, /T = 0.64AE/E = tion and the cosmological recombination spectrum (takemfr
+25%1079. AE/E = +4x107?is the energy additigfoss which Chluba & Sunyaev 2006; Rubifio-Martin et al. 2008) forsHu
gives rise to SZ distortion of 1. The chemical potential is tration. Clearlyu type distortions have a fierent spectral shape
given byu = 2.2AT/T = +5.6 x 10°°. This is the spectrum that and are distinguishable from the recombination radiatiahtae

an initial spectrum withgec, Ysz = 107° will approach at higly  y-type distortionsu distortions expected from the early Universe
atx>|u| ~ 10°. Note that the frequency at which the distortiolso have higher magnitude than the recombination spectrum
crosses zero is at = 2.19 compared tox = 3.83 for the Sz in the Rayleigh-Jeans part of the spectrum but has no quasi-
distortion in Fig[1. periodic structure like the cosmological recombinatiatiation.

This flow of photons toward lower frequencies as the

independent of frequency and thus maintains the Raylegins] Spectrum tries to approach Planck spectrum due to recoil
shape of the spectrum. In the Wien part we have a decreas@ml induced recoil is Bose-Einstein condensation of pho-
intensity Al /I = An/n~ — x?Ygec. Fig.[d shows the dierence tons ' ; ' 80)eW
in intensity from the blackbody radiation for normal SEezt Show the evolution of the spectrum (solution of the couplesd s
with Ysz; = 109 and negative SZ feect with Ygec = 10°°. tem of Egs. [(ITH) and (16)) starting with the initial distorti
Fig. [ shows the spectrum which would be achieved at higiven by Eq.[(IB) with-Ysz = Yaec = 107 in Fig.[4. The initial
value of the Compton parametgrnd is a Bose-Einstein spec-evolution is similar to that of a spectrum with positiVe; with
trum with chemical potential defined by the equation with the photon distribution approaching a Bose-Einstein spstt
n(v) = 1/(e"/kT#u — 1), T, is the temperature to which thedefined byn(v) = 1/(e"/*™+* — 1) with negative: (marked -ve
spectrum relaxes for an initial energy additioss of AE/E BE’in the figure). We should emphasize that there is no sargul
with AT,/T = 0.64AE/E = +2.5x 109 (Ilarionov & Sunyaev ity in the actual solutions of Kompaneets equation plotteala.
[1975R).AE/E = =4 x 10" is the energy additigtoss which The singularity is just in the mathematical formula which-co
gives rise to SZ distortion of 8. The chemical potential is  €ctly describes the spectrum at high frequencies; |u. The
given by i = 2.2AT/T = +5.6 x 10°°. This is the spectrum that actual spectrum deviates from the Bose-Einstein spectesn n
an initial spectrum with¥sec, Ysz = 102 will approach at high the singularity (it is everywhere positive in the Rayleiggans
yatxsyu ~ 10°°. Note that the frequency at which the distortioi€gion) and can be described by a chemical potential dengeas

crosses zero is at = 2.19 compared tx = 3.83 for the Sz N magnitude with decreasing frequency. The evolution atl
distortion in Fig[1.. is therefore very dferent from the positiv&¥sz case. Fox > |y

y-type andu—type distortions expected in the early Universd® stpectrllim is the Btcr)]se—E_lnstem spectru][n ?}t tthe eleatron t q
(to be calculated in the later sections) are compared witietls- PErature. Fox < u| there is an excess of photons compare

mological recombination spectrufn_(Rubifio-Martin é24106) t(; g‘e BoEsg-IEtir]stein Zpectrgorg_\}vh_li_cr rows with tilme,l afmtu
in Fig. [@. Clearlyy type distortions have a fierent spec- Of BoSe-Einstein condensatiofiT/T takes a very simple form

tral shape than the recombination radiation (both from bydr'" the Rayleigh-Jeans regior ( 1) for a Bose-Einstein spec-

gen [Chluba & Sunyabv 2006) and helium (Rubifio-Martin zt %rum and can be understood as follows. It is given, in terms of
2008)) andy-type distortions and can be distinguished from thisduency referred to the electron temperatuges hv/kTe, by

latter two. This is very important because althoygtype dis- AT Xo —u
tortions from the early Universe get swamped by much bigger T ot 1= ot
y-type distortions from low redshifts and ardfutiult to separate, H s
the information in the: type distortions about the early Universeor |u| < Xe < 1 we haveAT/T = —u/Xe. Thus the fractional
physics can be extracted. temperature deviation is positive for negativand negative for
the positiveu. ForXxe greater than and closejd, u < 0 the spec-
3 These relationships can be easily derived using photon eueril  tral distortions can become very large and exceed unityceSin
energy conservation and requiring that the final spectrure tiee equi- the high frequency spectrum is in equilibrium at the elettro
librium Bose-Einstein distribution. temperature by = 10, the subsequent evolution is very slgv.

(20)
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Fig. 4. Evolution of initial spectrum ay = 0 given by Eq.[(IB) Fig.5. Regions of the blackbody photosphere probed Iffed
with —Ysz = Ygec = 1075, |AT/T| = [Te/T -1 is plotted, where ent experiments, COBE FIRAS with sensitivjiy= 107°, Pixie
T is the temperature of a blackbody spectrum with the cawith sensitivity = 1078 and a hypothetical experiment with
responding intensity at a particular frequency. In the Bigyl- sensitivity ofu = 1071°. Shaded regions below the curves are
Jeans region intensitly, « T and thereforeAT/T = Al/l. allowed and inaccessible to these experiments. We alsdhaot
The initial evolution, in the linear regime of small distorts, is ratio of final u distortion today to the initial: distortion as a
similar to that of a spectrum with positivész, with the spec- function of energy injection redshift. We define the blacattpo
trum approaching a Bose-Einstein spectrum defined(py = edge as the energy injection redshift such gt /"ta = 1/g,
1/(e™/ksTeri — 1) with negativeu (marked ‘-ve BE’, red dashed zy,, = 1.98x 10°.
double dotted line in the figure). The low frequency spectrum
approaches the stationary solution of Kompaneets equattbn
only the induced recoil ternm(x) oc 1/x2. We have neglected theinitial 4 distortion can be reduced by a factor of more thean
photon absorption at low frequencies due to bremsstratduadg the “blackbody photosphere”. Thus inside the blackbodyt@ho
double Compton scattering. The distortions are positivthén sphere a Planckian spectrum can fieintly established. Figl 5
Rayleigh-Jeans region in the left side and negative in thenWishows how the: distortion at high redshifts decreases due to the
region in the right side of the figure. double Compton and Compton scattering. Regions of the black
body photosphere allowed byftrent experiments are shaded.
At redshifts 16 < z < 2 x 10°, we have the Compton
parametery > 1 and Bose-Einstein spectrum with a negative
chemical potential is established xat> 0.01. At smaller fre-
dHencies bremsstrahlung and double Compton create a Planck

decreases while the electron temperature increases séawhe
photon distribution approaches a Planck spectrum with ke
tra photons accumulating at low frequencies, i.e. BosetEin

condensation happens. The low frequency spectrum ap@sa di he el o
the stationary solution of Kompaneets equation with only tfpPECtrum corresponding to the electron temperature. AL

induced recoil termp(x) o 1/x2, with a continuous flow of pho- the Compton_paramet@r < 0.01 and.the distortions created
tons towardsx = 0 Sy vV 1971)Te/T — 1 just incregses can be described by the linear solution of Hg.l (18). Thus the
from —2.558 x 105 to —2.555 x 10> ire] going fromy = 10 Net distortions created in the early Universe due to adiabat
toy = 160 for the choseﬁ energy lossesAdE/E = 4 x 10°5. cooling of baryons are a linear superposition of distogioar-

The efect discussed below in the real Universe is of magnitudgSPonding to dierent values ofy, few of them are shown
~10°9. in Fig.[d. We show the evolution of actual spectrum (Eg. 14

and[I6) including the féects of bremsstrahlung and double
Compton processes (Burigana etlal. 1991; Chluba & Suhyaev
[2011;[Hu & Silk[199B;[ lllarionov & Sunyaél 1975a,b) in the
ACDM cosmology with WMAP parametermt al.
_ [2011). The reference spectrum is the blackbody CMB spec-
In the early Universe, before~ 2 x 10° double Compton along yyym ‘atz = 10°. At X < 0.01 the spectrum is dominated
with comptonization destroy any spectral distortions arainm by bremsstrahlung and double Compton processes which de-
tain Planck spectrum of CMB. For small distortions due o SRy the condensing low frequency photons. Thiteat of
gle, quasi-instantaneous episode of energy release, werdan premsstrahlung compared to comptonization becomes strong
the ratio of final to initiaj as an exponential function of redshift, i, decreasing redshift and can be felt at successivelgetig
defined by the square root of the product of comptonizatiah aﬂ?quencies.
absorption rate . ich 1970b). In the case Of ¢ ; 5 5 10¢ the spectral distortions in the > 0.01 re-
double Compton process this formula gives (Danese & de Zoéﬂ)n can relax to a Bose-Einstein spectrum due to high value
), of parametey. Contributions from lower redshifts are described
pfinal a2 by the analytic solution of Eq[{18). The distortions crelaie
~ ealmdT (21) z< 10*are just the negative of the usual Seet and would be
completely overwhelmed by the S&ect from reionization at
wherezy. ~ 1.98x 10° defines the “edge of the blackbody photoz ~ 10 which is expected to be of ord¥g; = (ks Te/mMeC?) ;i ~
sphere”. We call this functio®(z) the blackbody visibility func- 10°®x 0.1 = 1077, wherer,; ~ 0.1 is the optical depth to the last
tion for spectral distortions. We call the regipn zgc where the scattering surface due to reionization ahd~ 10°K is the av-

6. Bose-Einstein condensation of CMB photons in
the early Universe.

G@ = il
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0.01 ey : : : : : fluctuations from inflation can have a spectrum deviatingnfro
0.001 I z=1 5x10§ | _the scale invariant Har(ison—ZeId_ovich spectrum, withcspze
el BN z=4.6x10, indexns < 1. In the cyclic ekpyrotic modelss > 1 is also pos-
- 0.0001 | - Z= o0 1 sible {Lehners et al. 2007). WMAP gives the constraint on cur
S 1le-05 NN 7=1.2x10* ———- i vature perturbation in comoving gaude,This is related to the
£ 1606 o gravitational perturbatiort in the radiation era (assuming neu-
S trinos are free streaming) by the relation= ¢/(2/5R, + 1.5),
S 1eor whereR, = p,/(o, + pv) ~ 04, p, is the neutrino energy
= 1e-08 density ands!, = -2y (Ma & Bertschinget 1995). ThuB!, =
£ 1e09 4/(2/5R, + 15)°P, = 1.45P, andP; = (A;27%/k%)(k/Ko)™ 1,
L 10 ko = 0.002Mpcl, A, = 2.4 x 10° ((Komatsu et dl[ 2011;
el R. Keisler et al. 2011)). The transfer function for modes! el
! . side the horizon before recombination is given by
tedz 0.0001 0.001 0.01 0.1 1 10 A, ~3 coskrs)e‘kz/sz (23)

Fig. 6. Evolution of spectral distortions in CMB inCDM cos- and the difusion scale by (Kaiser 1983; Weinberg 2008)
mology. The values of Comptonparameter for dferent curves

are ¢ = 15x 10,y = 109), ¢ = 4.6 x 1%,y = 10), izf"" c(1+2) R 16 (24)
(z=15x10°,y=1),(@z= 5.9><1(24,y =0.16),z= 1.2><104,y8= kp? J; 6H(L+Rneor\1+R 15
0.005), ¢ = 1760y = 3 x 10°9), (z = 840y = 1.8x 10°9) >

and ¢ = 220y = 1.2 x 1019,y = 0 was defined to be at dil/ko’) _ __ c+2) ( R n 1_6) (25)
z = 100. Reference spectrum is the blackbody CMB spectrum at dz 6H(1+Rjneor \1+R 15

z = 10'. At low frequencies the spectrum is dominated by doYihereRr = 300/4p,, po is the baryon energy density.

ble Compton and bremsstrahlung which maintain Planck spec- Replacing cddwith its average value over an oscillation of

trum at the electron temperature. The zero point at low feagqu ; ;
cies moves to the right at low redshifts because bremsatighl 1/2, we get the energy release per unit recShift

dominates over the Compton scattering at higher and higaer f

quencies and absorbs photons, although both are slowettttan  dQ/dz -1 dk dA§
expansion rate. o, T3 @Py(k)a
3 . 2
erage electron temperature during reionization. The distts = 3f d k3 P (kkPe /o dl/ko’)
created by energy loss at- 10° can however be destroyed only (27) dz
by energy injection ax > 10° since at smaller redshifts comp- _A3A d(1/kp?) dk Ksg- 26 /ko?
tonization cannot creajetype distortions. - kgs—l dz €
L . 4.3A; d(1/kp? 1
7. Energy release from dissipation of acoustic = nff %2(3”9/2@”5”1“(”%). (26)
waves during radiation domination ko

In the standard cosmology the main source of energy injeatio YWe are interested in radiation dominated epoch wiedestor-
high redshifts is the dissipation of acoustic waves in thgdia  tions are generated and we habéz) = HoQ'*(1 + 2)? and
photon plasmd (Sunyaev & Zeldovich 1970b) due to Silk dampe(2) = (Nho + 2NHeo)(1 + 2)° = Neo(1 + 2)3. In addition we have
ing [1968)[ Sunyaev & Zeldovith (1970a) first proposed tky = ASY%(1 + 2% and d(¥kp?)/dz = —3Ap(1 + 2)~* and the
use the resulting spectral distortions to measure theigpéat above equation simplifies to

dex and power in the small scale fluctuations which themselve

do not survive. Later during recombination the second order dQ/dz _ _%2(3+n5)/2r(”s+ 1)A(1—ns)/2(1Jr Z)(znsfs)/z
Doppler dfect due to non-zero electrraryon velocity in the Dy kgs*l 2 D

CMB rest frame also becomes important but at that time gnly

type distortions similar to the SZffect arise ang: distortions where

can not be created. We can estimate the amount distor- 8c
tions created by dissipation of acoustic waves followingetial. Ap= ———>—— =502x 10*°Mpc?. (27)
(1994) by calculating how the total power in the density flact 135H0Q “negorr

tions changes with time due toffiision of photons. The energythg redshift anais dependence obtained above matches that of
_densny in acoustic waves in t_he phot_on-baryon plasma éotgl Hu et al. (1994). The diusion scaléo = 46Mpc ™t atz = 5x10*

ing the baryon energy density) is given & = p,c3(6,(X)?), andky = 10*Mpct atz = 2 x 10°. Thus we are probing the
wherep, is the photon energy densit ~ 1/3 is sound speed
squaredg, is the photon density perturbation at positioand ~ * The approximations made in this section are accurate atifesisf

angular brackets denotes the ensemble average. interest, wherg-type distortions are generated. Although these approx-
3 imations are less accurate at lower redshifts, wlyetygpe distortions
© (x)2) _ d°k P, (K) 22) are generated, they still provide useful estimategstype distortions. In
Y - (2n)3 YA particular the correct value of sound speed is given?by 1/(3(1+R)).

) : ) o We should also add the power in baryon perturbations to ¢etower
whereP,(K) = A2(K)P! (K), P.(K) is the initial power spectrum. in acoustic waves, and which also gives a factor of ordét + R) but

It was shown by Mukhanov hibisbv (1981) that primordiain the numerator.
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primordial fluctuations on very small scales not accessibday
other way.
Thus for a Harrison-Zeldovich spectrum witg=1

dQ/dz  -7.8x 107
Dy B 1+z
QZ:5X104
—229% _ 29x10°, (28)
Py

Let us note the surprising fact that this redshift dependeasic

exactly the same as for the energy losses due to adiabatingoo

Eq. (I3), as already pointed out by Chluba & Sunyaev (2011).

For the currently preferred value nf = 0.96 we have
dQ/dz  -1x10°®

oy (1+2)10

QZ:5X104

—229% _18x10°, (29)
Py

Fig.[@ compares the rate of energy release multiplied by t
blackbody visibility function,G(2)(1 + 2dQ/dz/E, for differ-

ent initial power spectra with the energy losses due to the a

abatic cooling of baryons, (£ 2Scomptor/ E, 0Obtained by solv-
ing Eq. [9) for the standard recombination histary (Seagatie

) calculated using theffective multilevel approach tak-
ing into account recent corrections_(Ali-Haim Hirat
2011; [Chluba & Thomas 2011). The spike due to incre
in Silk damping during recombination is clearly notice&ble
The smaller spikes due to Hell and Hel are also noticeab

Recombination of each species results in decrease in nushbe

particles and hence adiabatic losses. But the photfiositin
length, and the associated energy release, increases die t
crease in the electron fraction. The transition from radiato
matter domination results in unnoticeable change in theestd
the curves. Note that even after recombination photonsrooat

to mix on horizon scales due to free streaming, while thegner

losses due to comptonization drop sharply due to the deplet
of electrons. We switch to the free streaming solution dbesdr
in appendiXA when diusion length z/kp becomes equal to the
comoving particle horizon.

Energy releases for filerent power spectra, including the

ones with running spectral index, are summarized in Table
The energy losses due to adiabatic cooling of baryons dtineg

4
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Fig. 7. Sketch of fractional rate of energy release due to Silk
damping and free streaming forfidirent initial power spec-
tra. Note the spike during recombination. Smaller spikes tdu
[l to Hell and Hell to Hel recombination are also visible.

so shown for comparison is the rate of energy loss due to adi
abatic cooling of baryonic matter. Note that in the blackpod
photosphere region the blackbody visibility functiG(z) makes
the curves drop sharply. Global energy release wtype dis-
tortions during the free streaming epoch after recomlonedre
ue to the superposition of blackbody spectra on horizolesca

e energy injected intg-type distortion during recombination
in'the peak in above plotis 800z < 1500isAE/E = 1.1x10°®
]’8r ns = 0.96 (see also footnolé 5). Thyadistortion due to mix-
|In'g of blackbodies during free streaming after recomborasind
up to reionization , 26< z < 800, calculated using the result in
he appendikA, iIAE/E ~ 7x107!. These are howeverfiicult
0 separate from much the larger thermal and non-linear Ropp
y distortion from reionization o¥sz ~ 107".

Ns idInng/1d Ink AE/E
1.04 0 47x10°8
1.0 0 29x10°8
1.0 -0.02 7x10°
1.0 -0.038 2.2x107°
1.0 -0.045 14x10°

10.96 0 1.8x10°
0.92 0 1.1x10°8
BEC - —22x107°

same time period is 2.2 x 107°. This equals the energy releas
for currently favored spectral index of = 1.0,dInns/dInk =
—0.038 for a running spectrum. Thus we have the intriguing r
sult that the dissipation of acoustic waves in the early Erae
completely cancels the energy losses due to adiabationgpoli
baryons for this critical spectrum (and any other spectruth w
the similar small scale power). A detection or non-detectb

Table 1. Energy injection inu distortions during 5« 10* < z <

X 10° for different initial power spectra compared with energy

losses due to Bose-Einstein condensation.

a sensitivity of 10° of u-type distortion is thus a very sensitive

probe of primordial power spectrum on small scales. Given tf
importance of the fective heating rate for the amplitude of the

net distortion it is important to carry out a more careful aed
fined calculation of the problem.

8. Conclusions

Comptonization of CMB photons with slightly cooler elegiso
results in spectral distortions which then evolve (in the a
sence of any other physical process) towards the Bosediins

ondensate solution, which is the equilibrium solution and
onsists of a blackbody spectrum with zero chemical poten-
tial with the extra photons accumulating at zero frequencie
(llarionov & Sunyael 1975a; Landau & Lifshitz 1980). This i
because the radiation has more photons than can be accommo-
dated in a Bose-Einstein spectrum with non negative chemi-
cal potential at the electron temperature. However, initseal
bremsstrahlung and double Compton scattering destroyw extr
hotons at low frequencies. Thus in practice we have the high
equency spectrum evolving towards a blackbody with the ex

2
?)ra photons slowly moving down in frequency to be eaten up by

5 The actual energy injected in the recombination peak woeld Bremsstrahlung and double Compton scattering. This isdh fa

much smaller because of the transition to free streaming.

what is seen in the numerical solution in Higy. 6.
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matter dominated era the potential is suppresses by a fattor
9/10 compared to primordial value on the large scales, we have
Qo = —-2y/3 (see for example_Dodelson (2003)) and looking
for a solution with time dependence of ty@e o« &% we
getw = ik/ V6 Thus free streaming damps the perturbations by
a factor ofeJ@k/ V6 = g-04[drk Finally we want to mention
that this solution is very approximate and in principle wewdd

take into account highef modes also. For example on going
up to¢ = 3 we get for the damping facta 23/ %k Also for

free streaming we have super position of black bodies and the
y distortion is given by((Chluba & Suny&ev 20047 = 1/2 <

@2 >= 1/32 < 65 >, and so the equivalent energy release is
AEJE = 4Ysz = 1/8 < 62 >.




	1 Introduction
	2 Thermodynamic equilibrium in the early Universe
	3 Alternative direct calculation of Energy losses in CMB
	4 Kompaneets equation
	5 New solution of Kompaneets equation for comptonization of photons with colder plasma
	6  Bose-Einstein condensation of CMB photons in the early Universe.
	7 Energy release from dissipation of acoustic waves during radiation domination
	8 Conclusions
	A Erasure of perturbations due to free streaming

