arXiv:1109.6552v1 [astro-ph.CO] 29 Sep 2011

Mon. Not. R. Astron. Sod)00, 000-000 (0000) Printed 30 September 2011 (WX style file v2.2)

Theevolution of CMB spectral distortionsin the early Universe

J. Chlubd* and R. A. Sunyaey?

1 canadian Institute for Theoretical Astrophysics, 60 Sto@e Street, Toronto, ON M5S 3H8, Canada
2 Max-Planck Institut fiir Astrophysik, Karl-Schwarzsdhitr. 1, D-85740 Garching, Germany
3 Space Research Institute, Russian Academy of Sciencésofmnaya 882, 117997 Moscow, Russia

Accepted 2011 September 8. Received 2011 September 3

ABSTRACT

The energy spectrum of the cosmic microwave background (CkIBws constraining
episodes of energy release in the early Universe. In thismpap revisit and refine the com-
putations of the cosmological thermalization problem. #as purpose a new code, called
CosmoTHerM, Was developed that allows solving the coupled photontglecBoltzmann
equation in the expanding, isotropic Universe for smallcsgaé distortion in the CMB. We
explicitly compute the shape of the spectral distortionssed by energy release due to (i)
annihilating dark matter; (ii) decaying relict particl€si) dissipation of acoustic waves; and
(iv) quasi-instantaneous heating. We also demonstratg\théhe continuous interaction of
CMB photons with adiabatically cooling non-relativistieetrons and baryons causesey-
ative u-type CMB spectral distortion ofl, /I, ~ 1078 in the GHz spectral band. We solve
the thermalization problem including improved approxiimas for the double Compton and
Bremsstrahlung emissivities, as well as the latest treatmiethe cosmological recombina-
tion process. At redshifts< 10° the matter starts to cool significantly below the tempegatur
of the CMB so that at very low frequencies free-free absorptilters the shape of primordial
distortions significantly. In addition, the cooling elewts down-scatter CMB photons intro-
ducing a small latmegative ytype distortion at high frequencies. We also discuss culte
in the light of the recently proposed CMB experimentik, for which GosmoTrerm should
allow detailed forecasting. Our current computations skiwat for energy injection because
of (ii) and (iv) Pxie should allow to improve existing limits, while the CMB distions caused
by the other processes seem to remain unobservable withutrendy proposed sensitivities
and spectral bands of:®:.
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1 INTRODUCTION unprecedented precision, while both ACT (e.g., lsee Hajiafl e
Investigations of the cosmic microwave background (CMB)-te 12010 Dunkley etsl. 20)0; Das et al. 2D11) and met a
perature and polarization anisotropies without doubt haire 12010] vanderlinde et . 2010) are pushing the frontief TICMB
lowed modern cosmology to mature from an order of magnitude pﬂ ower spectra lat smgall angular scaled s. In the near futujre'(@T
branch of physics to a precise scientific discipline, weeothti- McMahon e.t. 2009) and ACTH Niemgck.et 1L.2010) wil
cal predictions today are challenged by a vast amount ofrmse provide additional small scalé-mode polarization data, comple-
menting the polarization power spectra obtained witknex and

tional evidence. Since its discovery in the 60 ]
m) the full CMB sky has been mapped byosﬁZDMR further increasing the significance of thd power spectra. Also

Quiel (QUIET Collaboration et al. 2010) already now is observ-
l. 2) and WA l. 3 al
m) while@snlall an ufa%ﬁfnugl&m and ing the CMB inQ and U polarization with the aim to tighten the
! 9 y constraints on the potential level BEmodes at multipoles< 500,

ground-based CMB experiments likeuiva O), while Seioer and Roareeard] are getting ready to deliver precision
BOOMERANG d.N_e_ttﬂL[Iﬁm_e_t_d|L29_¢2), B d.H.ahLQLS_QD_GI_dL_ZQL‘)Z), CMB I : : d : h f
ARCHEOPS l ~ II_ZQ_O3). & l I 3) andsV V\p/)_oharrllzatlon datalnt e near IUtu.l’(i‘. i o 4 )
dRubiﬁo-Martin et dIIZ_(WS) provided important additibhever- ith the new datasets, cosmologists will be able to detezmin
age, significantly helping to tighten the joint constraiotscosmo-
logical parameters. PresentIyAchﬂ is producing CMB data with 2 http://pole.uchicago. edu/

3 http://www.physics.princeton.edu/act/

4 http://quiet.uchicago.edu/
* E-mail: jchluba@cita.utoronto.ca 5 http://www.astro.caltech.edu/-1gg/spider/spider_front.htm
1 http://www.esa.int/Planck 6 http://sites.google.com/site/mcgillcosmology/Home/polarbear
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the key cosmological parameters with extremely high pieajs
also making it possible to distinguish between various rsdé
inflation by measuring the precise value of the spectral index of
scalar perturbationsis, and constraining its possible runningn.
Furthermore, with the Rnck satellite primordiaB-mode polariza-
tion may be discovered, if the tensor to scalar ratigs larger than

a few percent (The Planck Collaboration 2006). This wouldhee
smoking gun of inflation and indicate the existence of gedional
waves, one of the main scientific goals afaRck, Quier, SpEr,
PoLarBeAR and other CMB experiments.

However, the anisotropies are not the only piece of infor-
mation about the early Universe the CMBers us. In addition,
the energy spectrunof the CMB tells the tale about the ther-
mal history of the Universe at very early times, well befory a
structures had formed and when the baryonic matter and-radia
tion were tightly coupled via Compton scattering. It is weibwn
that any perturbation of the full thermodynamic equililnitbe-
tween photons and baryons in the early Universe inevitasdyld

to spectral distortions in the CMB_(Zeldovich & Sun yHe 1969

a constant temperature decrement at low and an incremeighat h
frequencies. This type of distortion is formed when the Camp
process ceases to be extremefiyceent, so that full kinetic equi-
librium between electrons and photons can no longer be \ztie
Photons produced at low frequencies by Bremsstrahlunghare-t
fore not up-scattered very much and remain close to the émxyu
band they were emitted.

Both types of distortions were tightly constrained by
Coee/Firas (Mather et all 1994; Fixsen etlal. 1996) only leaving
room forly| < 10° and|u| < 10* at cm and dm wavelength.
This imposes strong limits on possible energy release baydieg
particles b), which for some particle lifetmeven
today are comparable to those derived, for example, froniéiy
nucleosynthesis_(Kusakabe etlal. 2006: Kohri & Takahash0P0
However, since the 90’s detector technology has advanced ve
much. Already about ten years ago, &4s type-ll experiment
with roughly 100 times better sensitivity in principle wduhave

been possible (Fixsen & Matlier 2002). Additional new tedbgy

was used in several flights of thex@pe balloon-borne instrument

Sunyaev & Zeldovidh| 197{id,d; Zeldovich ef al. 1972; Sunyaev
[1974; | 1llarionov & Sunyaev_1974). This for example could be
caused by some release of energy tgcaying relic parti-
cles (Hu & Silk 1993b) or evaporating primordial black holes
O), and depending on their lifeffrand the total
amount of energy that was transferred to the medium, thduaki
CMB spectral distortion will be smaller or larger.

(Kogut et al.| 2004] Fixsen etlal. 2011; Kogut etlal. 2011)nfro
which improved limits on the CMB temperature sat~ 10 GHz
were derived ml). However, until now no signa-
tures of primordial distortions were found, and the limitsaverall
CMB spectral distortions derived fromo@k/Firas until today re-
main most stringent.

However, very recently a new space-based mission, called

The process that erases possible spectral distortions of Pixie .1), was proposedxi will have exquisite

the CMB in the early Universe and thereby attempts to
restores full thermodynamic equilibrium is callethermal-
ization In the past it has been studied extensively, both

analytically and numerically | (lllarionov & Sunyael 197Ba,
Danese & de Zoiti_1977[ 1982 Burigana et l._1991b.a; |Daly

spectral capabilities with 400 channels at frequenciegingrfrom

v = 30GHz to 6 THz. The claimed sensitivities should allow to
tighten the constraints gm andy-type distortions by about three
orders of magnitude. A detection gf~ 10 andu ~ 5x 1078
could therefore become possible at the level (see Fig. 12 of

11991; Wmmmw@a b; [Kogut etal[2011), at least in terms of spectral sensitivitgw-

Hu et all 1994 Burigana et/al. 1995: Buri lvaterda20
lLamgn_&_D_uLLeILZQ_dd._ELo_cgpLo_&_B_ngalrhazsbog) For very gar
energy releasez(x> 2 x 1(f), photon production at low frequen-
cies by double Compton emission and the up-scattering of pho
tons to high frequencies by Compton scattering arefi$cient that
the thermalization process is practically perfect for hearbitrary
amounts of energy release, such that no distortion shouteire
today (e.g., see Burigana ef al. 1991b). However, belowrts
shift the CMB spectrum becomes vulnerable, and spectradrelis
tions that could still be observable today can form.

ever, it is not yet totally clear what the foreground limioais to
measuring primordial spectral distortions will be.

Under simplifying assumptions analytic approximationha t
two extreme cases @f andy-type distortions can be found, how-
ever, for energy release in the redshift rangé 4@ < few x 10° it
is clear that amixtureof both types of distortions will form. In that
case analytic approximations are moréidult and numerical stud-
ies are required. Furthermore, in the past, mainly the apeases
of instantaneougnergy release at some initial redshift were numer-

ically studied in detail for this regime (e.g. see Burigahal21995;

In connection with early energy release two types of CMB dis- |Burigana & Salvaterra 2003). However, from the physicahpof

tortions, calledu- andy-type distortions, are usually distinguished
(e.g., seé lllarionov & Sunyaev 19 }’a,b). The first type ctalt
tion is characterized by a frequency-dependent chemidehtial,
u(v), thatis very close to constant at high frequencies, anishean
at very low frequencies. This type of distortion forms atégwhen
the Compton process is still able to achieve full kineticikguum
with the electrons (redshifts > few x 10°), and the CMB spec-
trum reaches a Bose-Einstein distribution with occupatiomber
n, = 1/[e“#) — 1], wherex = hv/KT,, with T, denoting the CMB
temperature. However, photon production by double Comatah
Bremsstrahlung emission stopped being very fast, so tHgtain
low frequencies full equilibrium can be restored.

At low redshifts ¢ < few x 10° — 10%), on the other hand,
y-type distortions form. These are also known in connectidh w

SZ clusters|(Zeldovich & Sunygev 1969) and are charactbtize

7 For black holes the evaporation timescalésjsx M3 (Hawking1974).

view cases otontinuousenergy release over extended periods are
more natural. In addition, so far only problems with rathemge
energy injection, close to the allowed upper bounds obtalne
Coge/Firas, were investigated thoroughly. Again from the obser-
vational point of view, significantly smaller distortionsesn to be
favoured, and in addition the sensitivities reached by:Rlemand
studies with very small energy release. To allow forecagstire
observational possibilities oftBe with respect to constraints on
the thermal history of our Universe, significantly refineanpu-
tations of the possible spectral distortions with paracuyshysical
processes in mind therefore become necessary.

In this work we revisit the cosmological thermalization Ipro
lem in the light of Rxie. We formulate the thermalization problem
allowing to resolve very small spectral distortions at lsweell
below the current upper limits ofdge/Firas. We use improved ap-
proximations for the double Compton and Bremsstrahlungsemi
sivities, as well as a detailed treatment of the cosmolbgézm-

bination problem based ono&oRec (Chluba & Thomds 2011).
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We explicitly compute the expected CMB spectral distoidor
different energy injection scenarios. In particular, we disdus
scenarios that are even present in the standard cosmdlowidal.
One is connected with the interaction of CMB photon waittia-
batically cooling electronand baryons (see Sect. 2]5.1), while the
other is caused by thdissipation of acoustic waves the early
Universe (see Sedi. 2.5.2). We also demonstrate that thetievo

of spectral distortions at very low frequenciess 1 GHz is sig-
nificantly afected by free-free absorption at late timesg(10°),
when the Compton process no longer is able to keep the ahsctro
and baryons from cooling strongly below the CMB temperature
For large energy release this modification is not very sigaif,
however, for very small energy release, comparable émdy at
the level~ 1078, it becomes important.

One of the outcomes of this work iSOETMOTHERNﬁ, an open
source code that solves the cosmological thermalizatioblem
for different energy injection scenarios in the limit of small dis-
tortions. In the future @smoTuerM Sshould be useful for detailed
forecasts of possibilities to constrain the thermal histfrour Uni-
verse by measuring the CMB energy spectrum.

2 FORMULATION OF THE THERMALIZATION
PROBLEM

A solution of the thermalization problem in the isotropiciarse
generally can only be obtained numerically. Under simpiifyas-
sumptions several analytic approximations exist, howekiese ap-
proximations have their limitations. For example, for viamge en-
ergy injection, non-linear aspects of the problem becomgoim
tant, while for very small energy release, the precise slofiplee
distortion depends strongly on the smalffeience in the electron
and photon temperature, which is comparable to the distoitt
self, and is more diicult to account for in analytic approximations.
Below we provide the required equations for the formulatbthe
problem that allows to include all these aspects consigtent

2.1 General aspects of thethermalization problem

To thermalize spectral distortions after some significaietrgy re-
lease in the early Universe two main ingredients are nedddtie
number of photons has to be readjusted and (ii) photons lodve t
redistributed over frequency to restore the shape of a bak

At redshiftsz > 10® — 1(° electrons and positrons were very
abundant and electron-positron, electron-electron arsitrpa-
positron Bremsstrahlung were orders of magnitude méieient
in producing soft photons than any other process. Hencentiler
ization of CMB spectral distortions was extremely rapideiid:
fore we shall restrict ourselves to redshifts belows 5 x 107.
By then the number densities of electrons and positronsfoaerf
oufl and only insignificant amounts of positrons were left from th
era of electron-positron annihilation. During the subsetevo-
lution of the (isotropic) Universe the main interactiongvixeen
the photons and baryonic matter are governed by Comptotescat
ing (CS), double Compton scattering (DC) and normal electon
Bremsstrahlung (BR). Furthermore due to the expansioredf/thi-
verse the photons ffier from redshifting and the non-relativistic
electrons and baryons cool adiabatically.

8 CosmoTuerm Will be made available atww.Chluba.de/CosmoThern.
® More precisely the freeze-out of positrons happens at teatyreskT ~
meC?/40 or redshifz ~ 5.4 x 10.
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The photons do not interact directly with the baryonic matte
(hydrogen, helium and the nuclei of other light elements},dnly
indirectly mediated by electrons, which themselves arenglly
coupled to the baryons via Coulomb scattering. The timescal
which the electrons and baryons adjust their energy digtabs is
much shorter than any other timescale of importance herexefh
fore it can be assumed that the electrons and baryons alwhys f
low a (relativistic) Maxwell Boltzmann distribution withne tem-
peratureT,. In this case the problem can be formulated with the
Boltzmann equations for the evolution of the photon phaseesp
distribution function and a coupled equation describing time
evolution of the electron (and baryon) temperature. Intamttihe
expansion timescalé,,, = 1/H, whereH is the Hubble factor,
is affected by the energy injection process, however, as we argue
in Sect[ 2.} the corresponding correction is negligiblelo®eve
shall write down the photon Boltzmann equation in the expand
isotropic Universe and the evolution equation for the etettem-
perature with inclusion of heating and cooling.

2.2 Evolution of the photonsin the expanding Universe

In the early Universe the photons undergo many interactiatis
the electrons in the Universe. As mentioned earlier, thet imos
portant processes are Compton scattering, double Comptin s
tering, Bremsstrahlung and the adiabatic expansion of thie U
verse. Among these processes for most times Compton segtter
is the fastest. Therefore it is convenient to express alinhaved
timescales in units dt = 1/o1 Ne ¢, the Thomson scattering time.

The Boltzmann equation for the evolution of the photon occu-
pation numbem,, then can be expressed as:

on, on, dn, dn,

Fr i S @)
where we introduced the optical depth d dt/tc to electron scat-
tering as the dimensionless time variable. The second terthe
left hand side is due to the expansion of the Universe andghé r
hand side terms correspond to the physical processes calmed.

For computational purposes it is also convenient to trans-
form to dimensionless frequency. Introducirg= hv/kT,, where
T, = T,0[1 + 2], the expansion term in Ed.](1) can be absorbed so
that photons no longer redshift out of the chosen compurtatio
domain. Here one point is very important: the temperaflyg
can really beany temperature, as long as it remains constant in
time. One obvious choice is the observed CMB temperatui@ytod
To=2726K 9), but we will use this freedom to fix our
initial conditions conveniently (see Sect. 311.1).

ForT,o = To, we have the standard redshift dependent CMB
temperatureT, = Tcus = To[1l + Z. However, it is important to
mention that with this definitiorT, is not necessarily identical to
the dfective (thermodynamic) temperature of the photon field,

Gs }1/4 T 15§3]1/4
- z

dn,
DC dr

B
BR

T; =T, (2)

pl bl
3

which is found by comparing the total energy density of thetph
distribution with the one of a pure blackbody. HeFe is defined
by the integral

Gs = fx3nx dx = gg' + fx3AnX dx, )

over the photon occupation numbeg, For a blackbody with ther-
modynamic temperaturg, one hasp(x) = 1/[e* — 1], and hence
? = 7*/15 ~ 6.4939, trivially implying thatT; = T,. However,


www.Chluba.de/CosmoTherm
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in the presence of spectral distortions after release afgygrgen- Explicitly carrying out part of the derivatives in Eq.] (5)cn
erally T; # T,. This for example means that at higher redshifts rearranging terms we find
the dfective temperature of the CMB could have been slightly

2
lower than today, and only because of energy injection atd su dAn, = Dea Any + De 4 Y 9Any
sequent thermalization it has reached its present valughdtu dr lc X X ox
more, it is important to mention thdt, is known with precision 4  9JIn¢ 4
+1mK (Eixsen & MatheF 2002; Fixskn 2009), so that deviatidhs o +Deds|s + x| A Deded|5 =€ (D)

the dfective temperature fromy, which are much smaller than this ]

are presently indistinguishable. We will return to thisetpof the with De = 6e sz_A¢ =¢ -1 andiIng = -2e7/[1 - e,

problem again in Sedt31.1. For numerical computations it is convenient to precomplue t
In Eq. [3) we also introduced the distortiakn, = n, — Np((X), functions{, &, d«In¢, ner ande™ once the frequency grid is cho-

from a blackbody with temperatufle. For numerical computations ~ S€N- This accelerates the computation significantly. antiore, it

itin general is useful to substitut in this way, as this allows one IS important to use series expansion of the expressions farl,

to cancel the dominant terms and thereby linearize the gnopiby in particular when dferences 1t € * are encountered. This is very
only solving for the (small) correctioAn,. important to achieve numerical stability and the correuiting be-

haviour, and will also be crucial for the formulation of thaission
and absorption term in the next section.
2.2.1 Compton scattering

The contribution of Compton scattering to the right hance sifl )
the photon Boltzmann equatiof (1) can be treated using the-Ko 2-2-2 Double Compton scattering and Bremsstrahlung

paneets equatioh (Kompanéets 1956): In the cosmological thermalization problem, the double Gtam
d process and Bremsstrahlung provide the source and sinkaf ph
Ny O O any
or I T ax 1 ox +on(ne+1)| . 4 tons. Their contribution to photon Boltzmann equation, @.can

be cast into the form (Rybicki & Lighthn 1979; Lightdﬂan 1981
Here we introduced the abbreviatiopns= T,/T. and§, = kTCeZ. Danese & de Zotti 1982: Chiuba 2d)05):
This equation describes the redistribution of photons %er 1

guency, were theffect of Doppler difusion and boosting, electron dny = _[1 -n,(e* - 1)] x K(X, 0, Oe) (8)
recoil, and stimulated electron scattering are accourged f drlocier X

The Kompaneets equation was found as lowest order Fokker- where the emission céicient K is given by the sum of the con-
Planck expansion of the collision term for Compton scat- tribution due to double Compton scattering and Bremssiraf!
tering. We neglect higher order relativistic correctiors.g(, K = Kpc + Kgg. SinceK drops df exponentially forx — oo
seel Rephaeli 1995; Itoh etial. 1998: Challinor & Lasehby 1998 (see below), the main emission and absorption of photons-is o
Sazonov & Sunyaev_1998; Nozawa etal. 2006). These are ex-curring at low frequencies. At smatithe photon distribution after

pected to fiect the results at the level of a few percentzat a very short time is pushed into equilibrium witf' = 1/[e* - 1],
10P-107 (Chlub& 2005), so that for the purpose of this paper[Eq. (4) i.e., a blackbody of temperatufe = Te. If once again we insert
will be sufficient. Nk = Npi(X) + Any and rearrange terms, we find

One can easily verify, that the number of photons is conserve
under Compton scattering by multiplying Efl (4) with and in- dAny - 1-eve % K, 2, 6e)
tegrating over frequency using integration by parts andfdot dr lpcier  1-€* x3
that the photon distribution vanishesfistiently fast forx — 0 + Ang(1—€9) x K(X, 62, 0e) )
andx — oo. Furthermore, one can easily check that for photons, x3 ’
which follow a Bose-Einstein distributiomgg(x) = 1/[e* - 1], with Ax. = x. — x. Note that the first term vanishesT = T,,
with constant chemical potential = uo, Eq. [4) vanishes identi-  powever, the second is pushed to equilibrium only becauiseest
cally if ¢ = 1. For¢ # 1 in the chosen coordinates the photon  pjay with the first term: if a distortion is present then cansently
distribution in kinetic equilibrium with respect to Comptscatter- Te # T, and hence the first term either leads to net absorption
ing is nge(X) = 1/[€*® — 1] with frequency-dependent chemical (1, - T,) or emission T. > T,) until (at particular frequencies)
potentialu(x) = ko + Xe — X, where we definedt = ¢x. the distortion term is balanced.

If we now insertn, = np(X) + Any into Eq. [4) and neglect
terms ofO(An2), we obtain the linear equation

Double Compton scatterin
R | G reeanl. ©) " |
T le X OX X 9x ox Due to the large entropy of the Universe atffiiently high
where for convenience we have introduced redshifts ¢ > fewx 10°) DC emission dominates over BR
ex 1 8¢(X) (Danese & de Zoitl 1982). The DC emission ffa@ent can be
L0 = —npi(npy + 1) = - I-cF -2 ox (6a) given as/(Lightmah 1981; Thothe 1981; Chluba ét al. 2007)
l+e Ao
é:(x) = 2r]PI +1= 1_ex (6b) KDC(Xa 0, ge) = § 65 X gdC(Xa 0, ge) 5 (10)

andAbfe = 6. — 6,, with 6, = nféz ~ 4.60x 107191 + Z]. One can see wherea is the fine structure constant aggi(x, 8,, 6e) is the ef-
from Eq. [B) that the remaining part arising from the CMB back fective DC Gaunt factor. In lowest order of the photon andtets
ground spectrum appears as a source term in the evolutiatiequ energies the DC Gaunt factor factorizes 200mdee
which vanishes identically unle3s # Te. details). Furthermore, if the photon distribution is nat far from

© 0000 RAS, MNRASD00, 000—-000
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Figure 1. Effective double Compton correction factblyc(x). We com-
pare the result from a full integration of a blackbody spatirwith the
approximation given by EqL{13). For comparison also the@dmation

of Burigana et 8l.| (1991b) is shown. Close to the maximum ef @vB

blackbody spectrum theftiérences are 20%— 40%.

full equilibrium one can approximatgy(X, 82, 8e) using a black-
body ambient radiation field and assuming tfiat~ T,. In this

case one has (e.g., see Chlliba 2005; Chlubz|et al. 2007)

pl

— 4
1+14166,

Gdc(X, 0z, 0e) = x Hae(X), (11)
whereIZ| = fx4np|(np| +1)dx = 47*/15 ~ 25.976. Here we have
included the first order relativistic correction in the ptrotemper-
ature, however, this term only becomes significamtaffewx 1.

The second factor in Eq_{IL1) allows to go beyond the soft
photon limit, for whichx < 1 was assumed. In lowest ordé(X)
only depends on the ambient photon distribution, but ispedelent
of the electron temperature. It can be computed usinh
, for more details)

Haed) ~ — f XL+ (¢ = 9] [ 2o ()| ax (12)

whereHg(w) = [1 - 3y + 3y?/2 — y®]/y with y = w[1 — w]. The
factor Hg(w) was first obtained by Gould (1984) to describe the
corrections to the DC emissivity when going beyond the shét-p
ton limit but assuming resting electr@fsin the limit x — 0 one
findsw Hg(w) — 1, so thatHge(X) — 1.

Expression[{I2) was also used in the woret al.
). There the approximatidiy.(x) ~ €**/2 was given. How-
ever, as mentioned above with the assumptions leading t@E}.
the electron temperature is irrelevant, and hence one dlsail
¢ — 1. Furthermore, we reexamined the integral and found that
for background photons that follow a blackbody spectrum

3. 29 11 5

X X+ ¥+

5 X+

HEL(X) ~ e =X (13)

provides a much better approximation to the full numeriesiuit

10 Note thatHg(w) is 1/2 of F(w) given by Eq. (27) of Gould (1984). The
factor of 2 is to avoid double counting of photons.
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for Hge (cf. Fig[). This approximation was obtained by replac-
ing npi(X) ~ e* and neglecting the induced term in Elg.J(12). Fur-
thermore, the resulting expression was rescaled to havepthect
limit for x — 0. In particular, forx > 1 Eq. [I3) captures the cor-
rect scalingHq(X) ~ x* €2, However, since most of the photons
are produced at low frequencigs< 1 we do not expect any big
difference because of this improved approximation. Nevedhele
when using the old approximation we found that at early tithes
spectrum is erroneously brought into full equilibrium atyéigh
frequencies, just by DC emission and absorption.

We note here that if the distortions are not small, then in-low
est order the correction to the DC emission can be accouatdxyf
replacingng; with the solutionn, in the expression foff{'. How-
ever, from the observational point of view it seems unlikédgt
distortions of interest ever exceeded the lemel/n, ~ 1073, even
atz ~ 10'. Therefore, the above approximation should bfisu
cient. Of course this does not include DC emission from végi h
energy photons that are directly related to the energytiojepro-
cess. However, in that case the simple approximation usedeab
will anyhow need revision, although the total contributimnthe
photon production is still expected to be small.

Bremsstrahlung

At lower redshifts ¢ < fewx 10°) Bremsstrahlung starts to
become the main source of soft photons. One can define the

Bremsstrahlung emission ddieient by (cf! Burigana et al. 1991b;
Hu & SilK1993#)

Ker(X, 0e) =

05 712 o
- 3 Z 22 NI gff(zla X, ge)

aAd
2r Vér

Herel. = h/m. cis the Compton wavelength of the electr@n, N;

and gg(Z;, x, 6.) are the charge, the number density and the BR
Gaunt factor for a nucleus of the atomic species i, respagtiVar-

ious simple analytical approximations exists (Rybicki &shtmah
[1979), but nowadays more accurate fitting formulae, valigrov

a wide range of temperatures and frequencies, may be found in
Nozawa et dl.[(1998) and Itoh et &l, (2000). In comparisorh wit
the expressions summarized.in Burigana et al. (1991b) wedffnd
ferences at the level of 10%20% for smallx.

In the early Universe only hydrogen and helium contribute
to the BR Gaunt factor, while the other light elements cande n
glected. In the non-relativistic case the hydrogen andihelbaunt
factors are approximately equal, i.6uq ~ Qnes to Within a few
percent. Therefore assuming that the plasma is still foltyzed the
sum in Eq.[[I#) may be simplified f§ ~ gy« Np, whereN, is the
baryon number density. However, for percent accuracy onelgh
take the full expressions fo; # andgues into account, which does
not lead to any significant computational burden using thees¢
sions o 11(2000).

Furthermore, at redshifts < 7000— 8000 the plasma enters
the diferent epochs of recombination. Therefore, the mixture of
the diferent speciesNe, H1, Hi, He1, HEn, Hem) in the primor-
dial medium has to be followed. We use the most recent computa
tions of the recombination process including previouslyleeted
physical corrections to the recombination dynamics adogrtb

[Chluba & Thomds (2011).

(14)

2.3 Evolution of the ordinary matter temperature

As mentioned above, the baryons in the Universe will alldella
Maxwell-Boltzmann distribution with a temperature thagggial to
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the electron temperature. Caused by the Hubble expansioe,al
the matter (electrons plus baryons) temperature wouldesasl
Te o« [1+7? (Zeldovich et all. 1968), implying, < T,. However,
the electrons Compton scatter many timé&sbackground photons
and therefore are pushed very close to the Compton equitibri
temperature

TO= 2 T,=T,+| =2 -2

4Gs 4G3  Gs

within the (distorted) photon field, wheig = fx“nx(nx +1)dx. If
the CMB is undistortecﬁg' = Ig'/4 andTg? = T,, however, in the
presence of spectral distortions generdlf§} # T,. Here we also
definedAZ, = 74 — Iﬁ' andAGs = Gs - G, which for numerical
purposes is better, as the main terms can be cancelled out.

In addition, when spectral distortions are present, theanat
coolgheats via DC and BR, and if some significant energy is re-
leased, this will in addition heat the medium. Putting alk tto-
gether the evolution equation for the electron temperateeels
(e.g., sek ChluHa 2005, for a detailed derivation)
tCQ 4757 eq 475

= + —[pe' — pel - _Y%DC,BR(pe) - Htcpe (16)
O.'h()y n anp

14 [AI4 (15)

Ags]T

doe

dr
Here we introduceg, = 1/¢ = T./T,; the heat capacity of the
mediunf], kan = SK[Ne + Ny + Nue] = Sk Nu[L + fue + Xel; the
energy injection rateQ), which for example could be caused by
some decaying particles (see S€ci] 2.5 for more details))ttaa
energy density of the photon field in units of electron restsma
Py = K0y Ga, With k, = 8143 ~ 1.760x 10°° cm 3. Furthermore,
we definegpe? = TSYT, =1+ % - Ag—g:. For numerical purposes
it is better to rewrite the above equationrdip, = p.— 1, so that this
formulation forpg” is very convenient.

The integralHpcgr arises from the coolingeating by DC
and BR, and reads
1
4§392
For numerical purposes it again is useful to group termsroflaf
order, when calculating this integral numerically. Usyah{pcgr
does not contribute very significantly to the total energlabee,
but for energy conservation over the whole history it is @l

obtain precise values for it.

WDC,BR =

f [1- (€% - )| x K(x 0,60 dx. (17)

2.3.1 Approximate solution foreT

Because the timescale for Compton scattering is extrenfat s
until z < 800, at high redshifts one can solve Hg.](16) assum-
ing quasi-stationarity Even at low redshifts this provides a very
good first approximation for the correct temperature. Ollrrfu-
merical computations confirm this statement. Since theimgol
from DC and BR is very small, it is furthermore possible toteri
Hocer(ps™) ~ Hocer(ol) + 8pie(]‘{DC,BR(pie)[pie+l - P4, so that

eq+

i+1 Pe
= - 18
Pe 1+ 6PLHDC,BR(pIe) +A ( a)
N toC . o
pe =pe + 4;(3 — Hocer(oe) + 0, Hocer(oe) b (18D)
YrY
Htc(lh 31+fHe+Xe
A= == H 18
4757 8 orXe Cﬁy (18c)

11 We neglected relativistic corrections to the heat capatitiie electrons,
which atz ~ 107 would be of order percem@%).

wher(apf3 is the solution folp, at time-stepr;. Also note that here
we assumed that the spectral distortion from the time-stepr;. 1

is used in all the integrals that have to be taken over theophot
distribution. This will lead to some small error, which cas dpn-
trolled by choosing an appropriate step-size. Furthermaseve
will explain below, one can iterate the system at fixed time time
solution converges.

The derivative ofHpcgr With respect tg), can be computed
numerically, however, it is strongly dominated by the teram<
nected with the exponential factefe in the definition Eq.[(1I7).
For numerical purposes we in general computed all integnads
the photon distribution by splitting the spectrum up inte ttMB
blackbody part and the distortion. This allows to achieue Vigh
accuracy for the deviations form the equilibrium case, & faat
is very important when tiny distortions are being consider&t
low frequencies we again used appropriate series expansfahe
frequency dependent functions.

2.4 Changesin the expansion history and global energetics

Changes in the thermal history of the Universe generally ais

ply changes in the expansion rate. For example, considanmgs-

sive decaying relic particle, its contributigny, to the total energy
density,ot, Will decrease as time goes by. The released energy is
then transferred to the medium and because of Compton sngtte
bulkt of it ends up in the CMB background, potentially leaving a
spectral distortion, and the matter with an increased teatypes.
Because photons redshift, this implies that the expansatoif
changes its redshift dependence, and hence the relatiored®t
proper time and redshift is altered.

To include this &ect, one has to consider the changes in the
energy density of the photons (or more generally all reistiiv
species) and the relic particles (or more generally thecgoof the
released energy). For simplicity we shall assume that tkeggris
released by some non-relativistic massive particle, bgtaan be
easily relaxed. We then have

1da*p, .

a " O (192)
1 da3p>< .

2 a - @ (19b)

wherep, is the energy density of the photons, and [1 + 2" is
the scale factor.

We emphasize that here it was assumed that the matter tem-
perature re-adjusts, but that the corresponding chandeeitotal
energy density of the normal baryonic matter is negligiblather-
more, Eq.[(IP) implies that all the injected energy ends uthén
photon distribution. For energy injection at very late tanelose to
the end of recombination, this is certainly not true anymbréhat
case, it will be important to add the electron temperatureagqgn
to the system, and then explicitly use the Compton heatimg ter
the photons. In this way one has a more accurate descriptitie o
heat flow between electrons and photons, and only the spdistra
tortion is neglected in the problem. However, in terms ofglobal
energetics this should not make any largffedence. As we will
see below, in the case of adiabatically cooling electrongtiits out

12 since the temperature dependent contribution to the toiiemenergy
density is negligibly small, well before recombinationtually all the in-
jected energy will be stored inside the photon distribution
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that such treatment is necessary in order to define the ¢anital
condition (see Sedt._3.3).

Equatlon [(IP) has the solutiops(2) = py Oz) + Ap,(2) and
px(2) = pD(2) + Apx(2) with

1 [(7* a%z)Qdz
Apy(z)z—aT(z)f (2)Q

H(Z’)[l + Z’]

~09(2) f 20z @) [1 7] (20a)
a3(z)Qdz
0= 5 |, et .

wherep!® = p, o[1 + Z* ~ 0.26 [1+ Z* eV cnT 2 is the unperturbed
photon energy density, and smﬂay&’) pxoll + Z3. Herepp,
with i € {y, X}, denotes the present day values of the corresponding
energy densities. For decaying relic particles with lifets shorter
than the Hubble time this consequently meaggs = 0. We will

use Eq.[(20a) later to compute the appropriate initial diomlifor

the energy density of the photon field (see Ject. B.1.1).

The integrals in Eq[{20) themselves dependign), however,
assuming that the total change in the energy density is soral
can useH(2) ~ HO(2), whereH©(2) denotes the unperturbed ex-
pansion factor wittQ = 0. Then the modified expansion factor is
simply given byH(2) = HO(2) + AH(2) with

) 00+ 0n)
HO@ ~ Eé’%(z)
) .
_»r @ Zz-z O dz o
209@ Jo 1+ pOz) HO@)[1 + 2]

wherep(Q(2) = 3[H©(2)]?/87G is the total energy density of the
unperturbed Universe. This equation shows clearly thatiiaeage

in the total energy density is arising from the fact that ggpee-
leased by non-relativistic particles is transformed irtntcbutions

to the photon energy density: if photons had the same adiabat
dex as matter this would not change anything, a conclusiah th
can be easily reached when thinking about energy consenvati
However, the additional redshifting of photons implies aamet
change in the expansion rate.

In terms of the thermalization problem, the Hubble factor ex
plicitly only appears in the evolution equation for the reattem-
perature, Eq[(16), while otherwise it is only present iigll, via
7¢c. For 7¢ it can be neglected, since this will only lead to an ex-
tremely small shift in the relation between proper time aed-r
shift that corrects the small spectral distortian,. This conclusion
can be reached as well when transforming to redshift as tarie v
able, since themd appears in all terms for the photon Boltzmann
equation, wher@H is a correction-to-correction. A similar reason-
ing holds for the matter temperature equation. There on&ldou
principle replaceH with H® + AH, however, looking at the quasi-
stationary solution fope, Eq. [I8), it is evident that this will only
lead to a minor dierence. We checked this statement numerically
and found the addition afH to be negligible. We conclude that the
correction to the Hubble factor enters the problem in seavddr.

We also comment that above we made several simplifying as-
sumptions about the form of the energy release. For exarifple,
all the energy is released in form of neutrinos, then bothahtB
spectrum and the matter temperature remairffented, however,
the Hubble factor will again change, assuming that the sngeg-
sity of the source of the energy release itself does not dit@e
[1 + Z]*. However, considering this problem in more detail is be-
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yond the scope of this paper and we do not expect major changes
in our conclusions for this case.

25 Energyinjection ratesfor different processes

Having a particular physical mechanism for the energy ssea
mind, one can specify the energy injection rate associattuthis
process. Here we assume that most of the energy is goingldirec
into heating of the medium, but only very few photons are poed
around the maximum of the CMB energy spectrum, or reach this
domain during the evolution of the photon distribution. &lsere
we do not treat the possible up-scattering of CMB photonghby t
decay products, nor do we allow for Bremsstrahlung emisfs@m
these particles directly in the regime of the CMB. For a cstesit
treatment of the thermalization problem it will be very irgsting
to consider these aspects in more detail, however, this Befsond
the scope of this paper.

With these simplifications it is sficient to provideQ in
Eg. [18) for each of the processes and then solve the themamali
tion problem assuming full equilibrium initial conditionBelow
we first discuss thefiect of adiabatically cooling electrons and
the energy injection caused by dissipation of acoustic wavéhe
early Universe. Furthermore, we gi@ for annihilating and de-
caying particles, as well as for short bursts of energy tigec The
former two processeare preseneven for the standard cosmologi-
cal model, while the latter three are subject to strong uaigres
and require non-standard extensions of the physical model.

2.5.1 Adiabatically cooling electrons and baryons

As mentioned above, if the interactions with the CMB are ne-
glected, the temperature of the matter scale§asc (1 + 2)?
once the baryons and electrons become non-relativisticzeft

low redshifts g < 200) it is well known that this dierence in the
adiabatic index of baryonic matter and radiation leads targel
difference in the CMB and electron temperat etal.

[1968) with T, < T,, which is also very important for the forma-

tion of the global 21cm signal from the epoch of reionizatiery.,
seel Pritchard & Loéb 2008, and references therein). However
higher redshifts Compton scattering couples the electighsly to
the CMB photons, implying that the baryonic matter in the -Uni
verse must continuouslkgxtractenergy from the CMB in order to
establishT, ~ T, until Compton scattering eventually becomes
very indficient atz < 200. Consequently, this should lead to a tiny
spectral distortion of the CMB, tiny because the heat capafi
the CMB is extremely large in comparison to the one of matter.

A simple estimate for this case can be given by equating the
Compton heating term with the term from the adiabatic Hulelsle
pansion: @7/ dt = —~Han8, = [mec?] L dE/ dt. This term is already
included in Eq.[(TB), so that no extfhas to be given. With this
the total extraction of energy from the CMB is roughly given b

1+z
1+27

o,
Py

anb,

~ ~ -56x10°In
py,O

(22)

1+zS
+ Ze

cool

For the evolution fronz = 2 x 10 until z ~ 10 this implies a
relative energy extraction o‘?”—| ~ =5.6x107°, which is only a
few times below the claimed sensmvnty ofiia: (Kogut et all 201/1).
Here it is interesting to observe that well before the redemb
nation epoch thefeective cooling term caused by the electrons has
the same redshift dependence as annihilating matter (dee)be
i.e. Q « (1+ 2)°. This implies that the type of distortion will be
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similar in the two cases, however, the distortion causedhéytia-
batic cooling of ordinary matter has opposite sign (see@igand
tend to decrease each other.

Furthermore, with Eq[{26) one can estimate the annihitatio
efficiency that is equivalent to the matter cooling term. It suonit
that if some annihilating relic particle is injecting engngith an
efficiency fann ~ 1.6 x 102 eV s then the net distortion intro-
duced by both processes should practically vanish. As weskhdv
below, our computations confirm this estimate (see[Big.@&hah-
strating the precision of our numerical treatment.

2.5.2 Dissipation of acoustic waves

Acoustic waves in the photon-baryon fluid dissipate parteirten-
ergy because of ffusion dampingS). As first estimated
by icH (197Da), and later refined by Daly ()99
and| Barrow & Coles|(1991), thisflect should lead to a spectral
distortion in the CMB which depends on the spectral index of
scalar perturbatioms, and therefore could potentially allow con-
straining inflationary models_(Mukhanov & Chibisov 1981)ngs
future CMB spectral measuremeOll). Ratig
[Hu et al. (1994), the heating rate in a radiation dominateivesse
can be cast into the form

Q.= (23)

witH 7(X) ~ 5.2 x 10° x21[0.045]* for X ~ 1. Forns = 1 this
implies a total energy dissipation %‘ ~ 3.9 x 10°® between
ac

z~ 2x10° and 16. This is about 10 times larger than the energy ex-
tracted in the case of adiabatically cooling matter ($e&6t13 over
the same period. One therefore expects the associatedidisto

be about an order of magnitude larger.

Also, like in the case of cooling matter and annihilating-par
ticles one hag) « (1 + 2)° for ns ~ 1. The equivalent féective
annihilation rate in this case fg,, ~ 1.5 x 10%?eV s*. This sug-
gests that the bounds da,, derived from the CMB anisotropies
(Slatyer et all 2009; Galli et HI. 2009; Hutsi etlal. 200912pal-
ready now might be in tension with this heating mechanismy-ho
ever, the energy release from acoustic waves only goes ésatiiry
of the medium, while for annihilating particles extra ianig and
exciting photons are produced, implying that tiiteet on the ion-
ization history could be much smaller here.

We therefore computed the modification to the recombination
history caused by this process usings@oRec, and found a small
change 0fANe/Ne < 0.06% around the maximum of the Thomson
visibility function (Sunyaev & Zeldovi¢h 1970b) closeze- 1100,
while the electron fraction in the freeze-out tail indeed\&@ected
by several percent. The changes in the freeze-out tail afmec
bination could have important consequences for the CMB powe
spectra, however, at late times, close to recombinatie@nsitmple
formula Eq.[[Z8) should be modified to take into account dawia
from tight-coupling and also the assumption of radiatiomi@-
tion is no longer valid, implying that the rate of energy esle is
overestimated at those epochs. Furthermore, in this casshmuld
more carefully treat the fraction of energy that directlyeganto
heating of the matter as opposed to terms appearing diedifye
photon field. We believe that the overaffiect on the recombination

(1) B, HR[L + 220572,

13 We assumed that all cosmological parameters aside frohave their
standard values. Furthermore, at994) we gimped the
Coge normalization for our estimate.

dynamics arising from this process is negligible. Nevdeths re-
fined computations of the energy release rate might becomperim
tant for precise computations of this problem, but for theppse
of this paper the above simplification will befiaient.

2.5.3 Annihilating particles

The rate at which annihilating particles inject energy esdike
E « N2 with the number density of the annihilating particles.
To parametnze the rate of energy injection we use (compare

IPadmanabhan & Finkbeiner 2005; Chiuba 2010)

dE
dt lann

= [1 - f,] fanNu(1 + 2%, (24)
where f.,n has dimensions eV'§, andf, is the fraction of the total
energy carried away by neutrinokg, is related to the abundance
of the annihilating particle, its mass, and the thermallgraged
annihilation cross section, however, here we treat alletftEpen-
dencies with one parameter.

Current measurements of the CMB anisotropies already
tightly constrainf:, = [1 — f,] famn < 2% 10-2%eV st (Slatyer et al.
[2009:[ Galli et glmﬁ Hiitsi et HI 2009, 2011). This lingitor-
ders of magnitude stronger than the one obtained fropx/Eiras
(e.g., see McDonald etlal. 2001; Chlliba 2010), implying thete
is only little room for CMB spectral distortions from anriéing
matter, unless a large fraction of the energy is actuallyastd in
form of neutrinos, i.ef, ~ 1.

With Eq (24) it then follows

%@ dE
mec? dt

Qlann = (25)

ann

where we parametrized the fraction of the total energy gaoitg
heating usingy,(2). Similar tolPadmanabhan & Finkbeinér (2005)
we will adoptgn(2) = [1+ fue+2(Xp + fre(Zrsn + Znem)] /3[1+ frel.
Here, respectively,, fueZuen and fueZue denote the free proton,
singly and doubly ionized helium ions relative to the totaimber
of hydrogen nucleiNy, in the Universe. At high redshifts, well
before recombination startg ¢z 8000), one has<, ~ Zy., ~
Ziew ~ 1, such thagn(2) ~ 1, while during hydrogen recombina-
tion gn(2) drops rapidly towardgn(2) ~ 1/3. At low redshifts, a sig-
nificant part of the released energy is going into excitatiamd ion-
izations of ions, rather than pure heating, explaining wi(¥) < 1
(Shull & van Steenbelig 1985: Chen & Kamionkow/ski 2004).

To estimate the total amount of energy that is injected iveat
to the energy density of the CMB one can simply assume radiati
domination (IH ~ 4.79x 10'°[1 + Z~?s) and compute the integral

Apylpy = [ % /p, dt. In the case of annihilating matter this yields
Ap, N 9 [1 - 1] famn 1-Y, Qbh2
oy | ~22x10 [2 x10%evst || 075 ||00z2| @©

Here we have assumed thigt,, is independent of redshift. Further-
more, we assumed that befare- 2 x 10° everything thermalizes
(Burigana et dl._1991b), whileflectively no energy is transferred
to the CMB once recombination ends~ 10°).

This estimate shofithat for f:,, ~ 2 x 10-2%eV s one can
expect distortions at the level af, /1, ~ 107°. Interestingly, part of

14 Here we neglect corrections because of partial thermiizatf distor-
tions atz < 2 x 10°
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the energy is released at very highwhere one expectsatype dis-

tortion (lllarionov & Sunyaev 1975d,b), however, also at led-
shifts some energy is released. This in contrast shouldteay-

type distortion [(lllarionov & Sunyaév 1976a/b: Hu & Silk 1%,
so that in total one expects a mixture of both. We will compbte
precise shape of the distortion for some cases below (s¢d33e)
confirming these statements.

2.5.4 Decaying relic particles

For decaying particles the energy injection rate is onlyppraonal
to the density of the particle. Motivated by the parametitraof
Chen & Kamionkowskil(2004) we therefore write

dE
dt dec
Again all the details connected with the particle, its magsabun-

= f; I'x Ny e Xt (27)

dance (here relative to the number of hydrogen atoms in the Un
verse) are parametrized Wy. The exponential factor arises be-

cause the relic particles rapidly disappear in the decaggz®once
the age of the Universe is comparable to its lifetithe- 1/T'x.

For particles with very short lifetime a large amount of gyer
could be injected, without violating any of the CMB constitsi
since at early times the thermalization process is véigient (e.g.

see_Sunyaev & Zeldovidh 1970c; Hu & Sllk 1993b). This implies

that in particular early energy release at 10%) could still lead
to interesting features in the CMB spectrum. Again it will ine
portant to see how the characteristics of the distortiomgbdrom
u-type toy-type as the lifetime of the particle increases.

Under the above circumstances the constraints derived
from Cose/Firas to date are still comparable to those from

other probes | (Kusakabe el al. 2006; Kohri & Takahashi [2010;
Kogut et al

ml), at least for particles with intermediéfttimes

close tay ~ 10°-10'" sec. However, these constraints could be sig-

nificantly improved with future spectral measurement of @B
(Kogut et all 201/1). In addition, constraints obtained it CMB
temperature and polarization anisotropies strongly Ithet possi-
ble amount of energy injection by decaying particles withgdife-

times (Chen & Kamionkowski 2004; Zhang etlal. 2007).

To estimate the total amount of energy injected by the partic

we again take the integrap, /p, = f /py dt. This then leads to
-1

Aoy 7. (28)

Apy f 1 Yp Qbhz 1+ z
0, 8x10ev|| 075 ||0022||5x 107

where for simplicity we once again assumed radiation dotitna

(implying t = 1/2H ~ 2.40 x 10*°[1 + Z~?s). Furthermore, we

introduced the redshift corresponding to the lifetime &f prarticle,
~ \Txto, with t; ~ 2.40 x 10*s. In addition, we defined the

mtegralj - indfxf_e ¢, which forzx > 0 is very close to
unity. Ignoring corrections because of the thermallzapcm:eﬂ

(e.g., see Hu & Silk 1993b; Chiuba 2005), Hg.l(28) implies for
particles with lifetimes ofyx ~ 10°s the limits frpm ©sE/FIrAS are
< 1CPeV for our parametrization. Note '[h@|dec can be found

by replacing ‘{TE| in Eq. [25) with the expression E{._{27).

~10°

dec

ann

2.5.5 Quasi-instantaneous energy release

As next case we discuss the possibility of short bursts afggne-

lease. We model this case using a narrow Gaussian in cosivallog

15 We will include these in our estimates of Séct. 3.6.1.

© 0000 RAS, MNRAS0O00, 000—-000

CMB spectral distortions 9

time around the heating redshift with some widtho,:

dE | e*[l*th]z/ 2012
—| = /[1+z]* —. (29)
dt S ° N ,27T0'h2

With this parametrization, assumingfBciently smalloy, one has
Ap, s fr
ol 107\ 76x10%ev | 30

Computationally it is demanding to follow very short bursfen-
ergy injection, however, our code allows to treat such chgeset-
ting the step-size appropriately. Aga@{a can be found by replac-
ing ‘{TE ann N EQ. [25) with the expression E{[. {29).

With the above formula we can also study théeet of go-
ing from quasi-instantaneous to more extended energyselen
changing the value afy. For short bursts we choses, ~ 0.05t;,
but we also ran cases witty, ~ 0.25t;, to demonstrate the transition
to more extended energy release (see[ElD. 19).

3 RESULTSFOR DIFFERENT THERMAL HISTORIES

In this section we discuss some numerical results obtaipeoly-
ing the coupled system of equations described above. Weifiesa
few details about the new thermalization codes&TxerM, Which
we developed for this purpose. It should be possible to $kgsec-
tion, if one is not interested in computational details. bt 3.3-
[37 we then discuss several physical scenarios and thespond-
ing potential CMB spectral distortion.

3.1 Numerical aspects

To solve the cosmological thermalization problem we tried t
approaches. In the first we simplified the computation with re
spect to the dependence on the electron temperature. Atieaeh
step the solution for the photon distribution is obtainethgithe
partial diferential equation (PDE) solver developed in connection
with the cosmological recombination proble
@), which allows us to setup a non-uniform grid spacing us
ing a second order semi-implicit scheme in both time andiapat
coordinates. However, we assume that thHeedéntial equation for
the electron temperature can be replaced with the quasirsiay
approximation, Eq.[{18), and solved once the spectrum,atis
obtained. Since both the evolution of the electron tempegaand
the spectral distortions is usually rather slow one caraiéethe
system of equations for fixed,, in a predictor-corrector fashion,
until convergence is reached, and then proceed to the meet ti

In the second approach, we modified the PDE solver
of [Chluba & Thomds|(2011) to include the additional integro-
differential equation for the electron temperature. This tesol
a banded matrix for the Jacobian of the system, which has one
additional df-diagonal row and column because of the integrals
over the photon field needed for the computation of the edastr
temperature. Such system can be solve@(N log N) operations,
and hence only leads to a small additional computationadéyur
in comparison to the normal PDE problem. We typically chose
N ~ 4000- 6000 grid-points logarithmically spaced in frequency
over the range ~ 10°° to 2x 10?. However, for precise conserva-
tion of energy we implemented a linear grid at frequencies/ab
x = 0.1. Furthermore, we distributed more points in the range
x = 0.1 to 15, where most of the total energy in the photon field
is stored. Even for about 4000 points we achieved very good co
servation of energy and photon number. We tested the ccewveeg
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of the results increasinyyl up to 4- 5 times, as well as widen-
ing/narrowing the frequency range.
We then included the coupled PRBDE system into the ODE

photon distribution is always in full equilibrium with théeetrons
at the lower boundary. This allows us to explicitly set thectpum
to a blackbody with temperatufg. At at the upper boundary we

stepper of GsmoRec (Chluba et all. 2010). This stepper is based on also used this condition, which for most of the evolutioruiilled

an implicit Gear’s method up to six order and allows very kab
solution of the problem in time, with no need to iterate extegly.
Furthermore, this approach in principle enables us to deline
full non-linearity of the problem im\n,, however, for the formula-
tion given above this did not make anyférence.

identically, just because of Compton scattering pushimgdistri-
bution into kinetic equilibrium in the very far Wien tail. M@ver,
at very low redshifts this Dirichlet boundary condition istriully
correct, as the timescale on which kinetic equilibrium iacteed
drops. Fortunately, it turns out that this is not leadingrig enpor-

We found that the two approaches described above give ba-tant diference in the solution.

sically identical results however the second is signifilgafaster
and more reliable for short episodes of energy injectiothéncur-
rent version of GsmoTuerM this approach was adopted. For typ-
ical settings one execution takes a few minutes on a singke co
however, for convergence tests one execution With 20000 and
small step-sizeAz/z ~ 107%) took several hour. Also for cases with
guasi-instantaneous energy release a small step-sizeawassary
during the heating phase, such that the runtime was notabget.
We also would like to mention that in the current implemen-
tation of GosmoTaERM We assume that the recombination history

We confirmed this statement by simply forcidgy, = 0 at
both the upper and lower boundary and found that this did
alter the solution in the frequency domain of interest toFus-
thermore, we tried von Neumann boundary conditions of tpe ty
axny + ¢ng(1 + ny) = 0. This condition is equivalent to the chosen
Dirichlet boundary condition, however, the amplitude & thstor-
tions is left free and only the shape is assumed to be given by a
blackbody with temperaturé, (i.e.,ny = A(t)/x for x - 0 and
n, = A(t)e* for x — o0). Again this choice for the boundary
condition did not &ect the results well inside the computational

not

is not dfected by the energy injection process and therefore can domain significantly. The current version of the code haé lopt

be given by the standard computation carried out withMoRec

[, This assumption is incorrect at low redshifts for cases \ate
energy release, as small amounts of energy can have a sagnific
impact on the ionization history. We plan to consider thiseas of
the problem in some future work.

3.1.1 Initial condition

We performed the computations assuming full equilibriunthat
starting redshiftzs. Usually we ran our code startingat= 4x 10".

tions available.

3.2 Simpleanalytic description for u- and y-type distortion

Before looking in more detail at the numerical results, heee
give a very brief (and even rather crude) analytical desorigfor
- andy-type distortions. The formulae presented here are moti-
vated by the early works on this problem_(Zeldovich & Sunyaev
[1969] Sunyaev & Zeldovith 1970c; Zeldovich el al. 1972; Saw
[1974{ Illarionov & Sunyaél 1974, 1975a,b), where here wethise

However, in order to end up with a blackbody that has an energy shapes of the éierent components asmplatego approximate the

density corresponding to the measured CMB temperaiiyeto-
day, we had to modify the temperature of the photons and baryo
atzs. No matter if the injected energy is fully thermalized or,nibe
energy density of the photon field before the energy injectiarts
should be very close {0,(z) ~ p”(z) - Ap(zs), whereAp(zs) is ap-
proximately given by Eq[{20a). For more precise initial ditions,
one has to numerically solve the problem for the global estérg
(see Secf.214) prior to running the thermalization code.
Although for extremely small energy injections neglecting
Ap(zs) # 0 makes a dference in the final feective temperature
at the ending redshiftz,, that is well below the current limit of
1 mK for T, I.2011), for consistent inclusion of the en-
ergy injection one should compute the initidllextive temperature

of the CMB byT; = T,[1- Ap(2)/p%(z)| . We then scaled,
such that atg it is identical toT;. This allows settingAn, = 0
which avoids spurious photon production. At the end of theco
putation one should therefore exp@¢tz) ~ To[1+2] > T(Z), if

Q > 0. This furthermore provides a good test for the consematio
of photons and energy in the code.

3.1.2 Boundary conditions

Finally, to close the system, we have to define the boundarglico
tions for the photon spectrum at the upper and lower fregasnc
One reason for us choosing such a wide range »igthat because
of efficient BR emission and absorption even dowiste 200 the

16 CosmoRec is available atrww.Chluba.de/CosmoRec,

obtained solutions. Some more advanced approximationdean
found in (Burigana et al. 1995).

As mentioned in the introduction, fqr-type distortions the
CMB spectrum is described by a Bose-Einstein distributidtin w
frequency dependent chemical potentigl= 1/[e*+*® — 1]. Pho-
ton production at very low frequencies always pushed thetgpa
to a blackbody with temperature of the matter, and at higijfea-
cies, because offiéecient Compton scattering, a constant chemical
potential is found. These limiting cases can be describegkly,

see Sunyaev & Zeldovith 1970c; lllarionov & Sunyaev 1975a)
1(¥) (1)

with the modification that fox < 1 andx > 1 we have the addi-
tional freedomx + u(X) = X ¢, which allows us to renormalize to a
blackbody withT # T,. Hereu., is the constant chemical potential
at very largex, andx. is the critical frequency which depends on
the dficiency of photon production versus Compton scattering. In
terms of the brightness temperature this translates into

T,
Hoo o-Xe/x’
o + % €

= pe €7+ X[y - 1],

T(X) = (32)
which both at very large and smalimpliesT(X) = T,/¢x.
The case of/-type spectral distortions is also known in con-

nection with SZ clusters (Zeldovich & Sunyéev 1969). Thecsjad

distortion is given by

Ange = ye

X e
o -1F [x (33)

wherey, is the Comptory-parameter, which directly depends in

e+1
-4
i
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Figure 2. Evolution of the electron temperature for the standardntia¢r
history. The electrons are always slightly cooler tianFor comparison
we also show the evolution of théfective temperature of the photon field,
=[T,- T;]/TZ, which also impliesT; <T,

the Thomson optical depth and thefdience between the elec-
trons and photon temperature. Again for us only the shapheof t
y-distortion really matters, and we will determine the vabfey,
from case to case. Most importantly, at small valuesxadne
hasAne/ne = AT/T =~ —2y., while at highx it follows that
AN /np; ~ Yo X2 and henceT/T = ye X. In the case of SZ clusters
one always hag, > 0, since the electron temperature is many or-
ders of magnitude larger than the CMB temperature. Howeer,
we will see below (Sedi. 3.3), in the case of the expandingéise
one can also encounter negative valuesyfpeven in the standard
cosmological picture.
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Figure 3. CMB spectral distortion az = 200 caused by the continuous
cooling from electrons. Neglecting the spectral distortio the computa-
tion of the electron temperature leads to an underestimatfothe final
distortion at low frequencies. We also show a simple aray/fiit accord-
ing to Eq. [36) with parameters,, = -2.22x 10°%, x. = 1.5 x 1072,
¢f—1=-80x1010 yo = -43x 100 andys = -4.17x 10712,

be very small. Therefore, this case provides a very goochtest
lem for our numerical scheme and we shall see thamGTHERM
indeed is capable of dealing with it.

We started the evolution @ = 4 x 10° assuming an initial
blackbody spectruniny, = 0) with temperaturde(zs) = TA(z) =
T,(z), whereT(z) was computed as explained in Séct 3.1.1 us-
|ng the apprOX|mat|on Ed_(ZDa) with = ~Hank T, for Ap(z). We
solved the problem down @ = 200, i.e. well after recombination
ends, however, the distortion froze in before that redshdtthat

As last component we add a distortion that could be caused by for our purposeg. = 200 is equivalent ta, = 0. This statement of

the free-free process at very low frequencies. This can ioelgi

approximated byl (Zeldovich etlal. 1972)
e*X
AN = Yy = (34)

whereyg parametrizes the amplitude of the free-free term.

In the next few sections we present the distortions as a fre-
guency dependentfective temperature, or brightness temperature,
which is found by comparing the obtained spectrum at each fre
gquency with the one of a blackbody:

T,x
In(1+ngt)’
For approximations of the final distortion we will simply cbine
the three components described above:

T(x) = (35)

app _

Ny +An¥e + Anf, (36)

e — 1
with the parameterg.., X, ¢, Ye andyz chosen accordingly. If not

stated otherwise, parameters that are not listed were get®o

3.3 Cooaling of CM B photons by electronsin the absence of
additional energy injection

As first case we studied the problem of adiabatically cooditeg-
trons and what kind of distortion this causes in the CMB spmct
As our estimate shows (see Jec. 2.5.1) the distortion iscexgéo

© 0000 RAS, MNRASD00, 000—-000

course ignores other modifications to the CMB spectrum thialtc
be introduced at lower redshifts, for example by heatingabse of
supernovaé_(Oh et/al, 2003), or shocks caused by large snate s
ture formation|(Sunyaev & Zeldovich 1972; Cen & Ostriker 999
Miniati et all[200D).

3.3.1 Evolution of the electron temperature

Figure[2 illustrates the evolution of the electron tempemtfor
different settings. The solid line is the result of the full imggpn
including all heating and cooling terms, while for the dafhkie
line we neglected the cooling of electrons by DC and BR, amnd se
ped = 1, meaning that for the temperature equation we ignored the
spectral distortions that are introduced by this processore can
see, at early times 4 p, is about four orders of magnitude larger
when including all terms than in the case that enfore®s= 1
This can be explained by the fact that the heating of the relest
actually introduces a small distortion into the CMB, whigsults
in a Compton equilibrium temperatufg? < T,. At lower redshifts
the temperatures in the two discussed cases again coifdide.
is because at those times the cooling by the expansion of tire U
verse starts to dominate over the Compton cooling relatetigo
generated spectral distortion.

For comparison we also show the evolution of tlieeive
temperature of the photon field,1p* = [T, - T;]/T,, which
also impliesT; < T,. We started the computation wilfy slightly
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Figure 4. Evolution of the CMB spectral distortion caused by the ammnti
ous cooling from electrons. At low redshifts one can see ffeceof elec-
trons starting to cool significantly below the temperatufe¢he photons,

which leads to strong free-free absorption at very low festpies.

higher thanTcyg, such that atz. we correctly haveT; ~ Temes.
Numerically, we obtain this value to within 10%, however, when
computing the initial condition we assumed that the photease
cooled all the time. At low redshifts, during the recombioat
epoch this is no longer correct, such that one expects atlgligh
smaller coupling. Furthermore, our computation of theahiton-
dition assumed no distortion, which again changes the baltot
ward slightly lower initial temperature. In particular,etltooling
electrons start to significantly alter the high frequendly dathe
CMB distortion (cf. Fig[B), implying a smallerfiective temper-
ature. These aspects of the problem af@atilt to included be-
fore the computation is done. When considering cases inhithie
heating ends well before recombination and is much largar the
cooling by adiabatic expansion of the medium, this no longer
problem, since truly bulk of the heat ends up in the photolfiel

We also confirmed this statement by first computing the global
energy balance problem (see SEci] 2.4), only neglectingntre
duced distortions. This allowed us to define the initial tenapure
for the run of @smoTerM More precisely, such that we obtained
T, ~ Tcws to within 0.1% atz = 200. We conclude that &-
MOTHERM CONserves energy at a level well below 1%.

3.3.2 Associated spectral distortion

In Fig.[3 we show the corresponding CMB spectral distortiothe
two cases discussed above. Here two aspects are very imiporta
firstly, the amplitude of the distortion is strongly undeiested
when one assumes that the Compton equilibrium temperatjusti
T,, i.e., enforcepeq = 1. In this case the distortions do not build
up in the full way, as the dierence of the electron temperature is
artificially reduced. Since the electron temperature aggpeathe
exponential factor of the DC and BR emission and absorpé&on,t
this leads to a crucial fference at low frequencies.

Secondly, the distortions at both very low and at very high fr
quencies are rather large. This is connected mainly witHdwe
redshift evolution of the distortion. Once the Universeeesitthe
recombination epochs, the temperature of the electronslcam
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Figureb5. Evolution of the electron temperature for the standarchtfaéhis-
tory with dissipation of energy by acoustic waves. As a tasiithe heating
the electrons are always aboVe. For comparison we show the electron
temperature obtained when neglecting thte, for which in contrast one
hasTe < T, at all times.

significantly below the temperature of the photon field (dfy. ).
This implies significant absorption by BR at low frequenciasd
also a sizeable down-scattering of CMB photons at high &agu
cies, in an attempt to reheat the electrons. Interestirlgéy,high
and low frequency distortion is very similar in the two catesied
cases. This also suggests that this part of the distortiotraxduced
at low redshifts, where the electron temperature in botlesas
practically the same (cf. Fifll 2).

To illustrate this aspect of the problem, in Fig. 4 we present
a sequence of spectra starting at redshifts during whidbrtiisns
are quickly thermalizedz(~ 10°), passing through the epoch of
type distortions£ ~ 10°), followed by they-type era ¢ ~ 10%), and
ending well after recombination. Close to the initial tinmeoccan
observe the slightly higher temperature at both low and ey
frequencies, which is the result of the consistent init@dition.
At the final redshift the distortion is neither a pytenor a pure
y-type distortion. At high frequencies it has some charisties
of anegative ytype distortion, while around 1 GHz it looks like
a negativeu-type distortion. At very low frequencies the free-free
distortion dominates, as explained above. One can see figrd F
that the free-free distortion indeed starts to appear &erdate
times, when the electron temperature departs by moreAhgm ~
108 from the photons. We found that according to Eq[{36) with
parameterg,, = —2.22x107°, x, = 1.5x1072, ¢i—1 = —8.0x1071°,
Ye = —43 x 10 andy; = -4.17 x 102 represents the total
spectral distortion rather well (cf. Figl 3). Thedeetive values for
Il andye are several times below the limits that might be achieved
with Pxig, implying that measuring thiskect will be very hard.

With the values ofu,, andy. one can estimate the amount
of energy that was release during theera (50000 < z <
2 x 1(P) andy-era ¢ < 50000), using the simple expressions

i 'hj-glb@oo ~ 14Ap,/p, andye ~ %Apy/pyr

resulting inAp, /p,, ~ 1.6x10°° andAp, /p,|, ~ 1.7x107°. This is
consistent with the simple estimates carried out in $eGIlI2sup-
porting the precision of the code regarding energy consierva
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Figure 6. CMB spectral distortion az = 200 caused by the dissipation of

energy from acoustic waves forftiirent values ohs. For comparison we

show the distortion obtained when neglecting thtee.

Table 1. Spectral distortion caused by the dissipation of acoustices. We
give the parameters for the simple fitting formula, Eq] (8®).convenience

we definedA¢; = ¢ —
NS ke[107%] % [1077]  A¢t[107°]  ye[107°]  yg[107H]
0.95 0735 15 0.75 22 197
10 175 15 0.95 35 298
1.05 405 16 10 59 447

3.4 Dissipation of energy from acoustic waves

As next example we computed the distortions arising frontike
sipation of energy in acoustic waves, again starting at2 x 10
and solving the problem down t = 200. In Fig[$ we show the
evolution of the matter temperature and in Eij. 6 we predest t
corresponding spectral distortions in the CMB. In both sase
varied the value of the spectral index,

As one can see from Fifl] 5, for all cases with dissipation the
electrons are heated significantly abdyeForns < 1 slightly more
energy is dissipated at lowthan in the cases > 1 (cf.[Hu et al.
M). Also the total energy release is smaller in casesmith 1.
This implies that the amplitude of the distortions is larfpedarger
values ofns, and also that the ratio gf- to y-type contribution
increases wits (cf. Table1).

As mentioned above, that at late times, during recombinatio
the electrons are significantly hotter when the heating byma
ing acoustic waves is included. We expect that our compmurtati
significantly overestimates thdfect in this epoch, and for a pre-
cise inclusion of this process during recombination a metaited
treatment will be required. In particular tlyetype contribution to
the final spectral distortion could require revision. Hoegvor the
purpose of this paper the used approximations wiliise.

Looking at Fig[®, one can clearly see that in all cases with di
sipation the shape of the distortion is well represented ytyie
distortion around’ ~ 1 GHz. At high and intermediate frequencies
one can again see an admixtureyetype distortion, and at very
low frequencies, additional free-free emission from etats with
T > T, becomes visible. We checked that rescaling all the distor-
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Figure 7. Different cosmological signals from the early Universe.

tions to the same amplitude at~ 1 GHz reveals small flierences
in the shape of the distortion in thaxk® bands. However, these
differences will be more flicult to distinguish, in spite of the total
amplitude of the distortion being rather large.

In Table[1 we gave a summary for the parameters needed to
represent the final distortion in thefidirent cases using the simple
fitting formula, Eq.[(36). The contribution fromis dominating in
all cases and is of order,, ~ 10°8. By measuring this distortion
it would in principle be possible to constrain the valuengfin
addition to the limits that will be obtained with.knck data. Since
very different systematicfiects are involved, this would further
increase our confidence in the correctness of the inflatyanadel.

Here it is important to mention that also the cosmologi-
cal recombination spectrum_(Dubrovich 1975; Chluba & Sexya
[2006;| Sunyaev & Chluba_2009) contributes to the signal in the
Pixie bands. The result for the cosmological recombination spec-
trum computed by Chluba & Sunyaev (2006) for a 100-shell hy-
drogen atom model is shown in F[g. 7 together with the diitort
from the damping of acoustic waves. The smaller contrilmstiof
helium [Dubrovich & Stolyarav 1997; Rubifio-Martin ef 2008;
Chluba & Sunyael 2010) were neglected here, however, thé pre
ously omitted free-bound contributian (Chluba & Sunyae@&(s
included. For comparison we also show the distortion agifiom
the interaction of CMB photons with adiabatically coolinige
trons alone. Furthermore, we present the total sum of thenaos
logical signals. Here we emphasize again, that even in #melatd
cosmological modedll these signals are expected to be present in

the CMB spectrum.

At high frequenciesy > 700 GHz) the distortion from the
Lyman-+ line emitted during hydrogen recombinationzat 1400
dominates. However, in this frequency band the cosmic rieffa
background is many orders of magnitude larger than thisasigo
that a measurement will be veryfidicult there. At lower frequen-
cies, on the other hand, one can see that the cosmologicahbéc
nation radiation leads to a significant contribution to tistaition
from acoustic damping. It slightly modifies the slope of the-d
tortion as well as introduces small frequency-dependeratians.
Thesewigglesdepend on the dynamics of recombination and there-
fore in particular should allow to constrain the baryon digrend
helium abundance of our Universe (Chluba & Suniaev 2008).

From Fig.[T we can also conclude that when neglecting the
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effect caused by adiabatically cooling electrons the spedisir-
tion arising from the dissipation of acoustic waves is ostneated
by about~ 20% at low frequencies. This would lead to a value for
ns which is biased high. As the amplitude of the distortion isyve
sensitive to the exact value of this also demonstrates that refined
computations of the spectral distortions as well as theifgpaates
because of acoustic damping are required to obtain acquedec-
tions in the light of Bxie. Currently, it appears that fors = 0.96
Pixie could already allow ad detection of the #ect caused by the
dissipation of acoustic waves.

Finally, we would like to compare the results of our computa-
tion with the simple analytic predictions given @l).
There only cases withs > 1 were discussed, and fog = 1.05
they findu. ~ 5x 1078 for a slightly diferent cosmology, which is
in very good agreement with the result given here. Howevih w
CosmoTrerM Were also able to compute the admixtureyetfype
distortions, which at high frequencies dominates.

3.5 Distortionscaused by annihilating particles

We now focus on the distortions that are created by annihilat
ing particles. Recently, in particular the possibility efnéhilating
dark matter with Sommerfeld enhancement was actively disali

in the literature (see e.d.. Galli ef al. 2009; Slatyer £24I09;
Cirelli et all|2000] Hiitsi et al. 2009, 20111; Zavala €t alLlPpand
references therein), resulting in rather tight consteaamt this pos-
sibility from the CMB temperature and polarization anispies.

As mentioned above, these constraints are many orders of mag
nitude stronger than those deduced frowsiZFiras. The reason
for this is that energy release can directffeat the recombination
dynamics, depositing energy into the matter, while this amof
energy is tiny compared with the huge heat bath of CMB photons

Here we therefore take two perspectives: first we compute
cases that are close to the current upper bound on the aiighil
efficiency, fann ~ few x 10723eV st. Uncertainty in the modelling
of the efect of dark matter annihilation on cosmological recombi-
nation can accommodate factors of a few, so that still somgera
is allowed. Second, we compute the distortions for largetalan
tion rates to check the consistency of our numerical treatnaad
illustrate the diferences with cases for decaying particles.

In Fig.[8 we present the spectral distortion after contirsuenr
ergy injection by annihilating particles withfié&rent annihilation
efficiencies, fan,. FOr comparison we also show the result for the
case without any energy release (see previous section)nderu
stand aspects of the solution in more detail in Ejg. 9 we &irtiore
present the evolution of the electron temperature for tveesavith
annihilation. As Fig[B suggests, fdg,,» < 5x 10%*eVs? we
expect the distortion caused by adiabatically coolingtetes to
dominate. In this case it will be flicult to improve limits on this
type of heating process by studying the CMB spectrum.

For .= 102 eV s't, one can start seeing a reduction of the
positive distortion atr ~ 1 GHz. Also, as discussed in S€ct.]3.3,
for fanm = 2 x 1022eV s the net distortion introduced because
of heating by annihilating particles and the cooling of &leas
becomes very small distortion. As the annihilatidficéency in-
creases, the distortion becomes more liketgpe distortion with
positive chemical potential at frequencies around1 GHz. How-
ever, at high frequencies we can observe a contribution figm
type distortion with positive/-parameter. The heating by annihi-
lating particles at early times pushes the temperature eottéc-
trons slightly above the temperature of the photons (cf. B)g
so that these get up-scattered. Depending on the anroilefi-
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Figure 8. CMB spectral distortion at = 200 after continuous energy injec-
tion from annihilating particles.
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Figure 9. Evolution of the electron temperature for the thermal msteith
annihilating particles. Red lines indicate that the et@tirare hotter than
the défective CMB temperature, while blue indicates cooler thas. thhe
black/solid line gives the case without annihilation for companis

ciency, this period is more or less extended. For small datiibn
efficiency this never happens (cf. Fid. 9), so that the distostis
dominated by negative andy-contributions.

At low frequencies we can again see tlfieet of the free-free
process. Like in the previous section, both the contribufrom
y-type distortion and free-free process are mainly intreduio the
redshift range corresponding to recombinatior 10° — 10*. In
particular we also found a characteristic change in theemety
low frequency spectrum, when theffdirence of the electron and
photon temperature changes sign, however, this occurifed @i
low frequencies to be worth discussing any further.

For illustration, in Fig[CID we also give some examples with
very high annihilation iiciencies. As expected the amplitude of
the distortion increases withy,,. Furthermore, one can observe a
shift in the position of the maximal distortion closeite- 1 GHz as
famnincreases. For annihilatiorfficiency fan, = 3x10722eV s the
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Figure 10. CMB spectral distortion ar = 200 after continuous energy
injection from annihilating particles with large annihitn cross section.
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Figure 11. CMB spectral distortion at = 200 after continuous
injection from annihilating particles in thesi#: bands.

energy

distortion reaches., ~ 4x 10°8. This is very similar to the case of
acoustic damping fons = 1.05, which would be well within reach

of Pixie. We also found that the distortion in both cases looks very
similar, however, current limits ofy,, from the CMB anisotropies
disfavour so high annihilationfigciencies.

Finally, in Fig[11 we show the distortions for some of the-pre
vious cases, but focused on the spectral bandssof.FOne can
see that in all shown cases the distortions to lowest ordes ha
very similar shape, while only the amplitude is varying froase
to case. Furthermore, the typical amplitude of the distogiis
AT/T ~ 10° — 1078, rendering a measurement in terms of the
sensitivity of Rxie rather dificult. At frequencies below 30 GHz
the situation would be slightly better, as the distortioor@gases
to the level ofAT/T » 10°. In this frequency band also the dis-
tortions from the recombination epodh_(Chluba & Sunyaevé200
Sunyaev & Chluba 2009) would become visible (see[Hig. 7).

Presently, we conclude that improving the limits on energy
injection by annihilating particles usingo&: will be very hard
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unlessfy,, exceeds~ 1072?eV st. With the current upper limits
on the dfective annihilation rate is also seems that in comparison
to the distortion introduced by the dissipation of acoustaves,
those arising from annihilation would only contribute a¢ tlevel

of 10%— 20%. If annihilating particles are present in the Universe
this might lead to problems in interpreting future speatnaasure-
ments that could be carried out byxR. This is especially severe,
since the shape of the distortion in both cases is very siniite
plying that more detailed forecasts will be required to assbe
observational possibilities withiRe, also including possible ob-
stacles introduced by foregrounds (see comments below).

3.6 Distortionscaused by decaying particles

In the case of decaying particles, observational conssraire less
tight. Therefore one can in principle allow large amounterérgy
injection well before the recombination epoch. Howeverghse
are not so much concerned with deriving detailed consgaint
this process using our computations. We rather wish to detreate
how the shape of the distortions depends in the particlérifes.
To this end we therefore chose parameters which are notsioten
with the limits deduced from &e/Firas (Fixsen & Mathet 2002).

In Fig.[12 we compiled the results obtained for fixed total en-
ergy release by particles offtérent lifetimes. One can clearly see
that for particles with short lifetimes, correspondingitoz 2x1(F,
only a small part of the released energy remains visible as-sp
tral distortion. This is because the processes of therat#iz is
very dhicient, and does not allow much of the distortion to survive
(Burigana et al. 1991b; Hu & Sllk 1993a, cf. also). Asdecreases
to zx ~ 5x 10* the low frequency feature at~ 1 GHz becomes
more visible. The overall shape of the distortion is wellretater-
ized by au-type distortion, and only at very low frequencies it de-
viates slightly, because of the free-free distortion idtrced at late
times. Since in the chosen example tlffeetive energy release rate
of the decaying particles is rather large, the free-fretodisn is
not as visible as in the cases discussed in the previous ttioss.

As we decreasg down tozx ~ 5x10* we can see a change in
the characteristic spectral distortion. The low frequemdype fea-
ture starts to disappear, while at intermediate and higiugacies
a significanty-type distortion starts to mix in. Decreasiag even
further the distortion clearly starts to be dominated lyytgpe dis-
tortion, with a flatAT /T at intermediate frequencies and a charac-
teristic rise ofAT/T at high frequencies. However, at low frequen-
cies the interplay betwegntype and free-free distortion becomes
important, leading to another positive featurer at 500 MHz.

To understand thefkect of decaying particles on the CMB
spectrum a little better in Fi§._1.3 we present the evolutibthe
electron temperature for some cases of Eig. 12. One can ate th
for decreasing values @k at high redshifts the electron tempera-
ture follows the case without energy injection for a longeriqd.
Then, once the heating by decaying particles becomes sigmnifi
the electron temperature becomes larger fham\fter the heating
stops for cases witly, > 10° the relative diference in the elec-
tron temperature remains rather constant, with only slaviution.
Caused by the heating th&ective temperature of the CMB also
increased and after it ceased the electrons simply keeenheet-
ature dictated by the distorted CMB photon field.

In cases witlex < 10°, however, one can observe an extended
period after the maximal heating at which the electronsd@msne
of their heat again. Having a closer look at the cases gyith 10°
one can find the same there, but much less pronounced. At high
redshifts the Compton interaction is extremely fast anovalthe
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Figure 12. CMB spectral distortion at = 200 after energy injection from
decaying relic particles. In all cases we fixégc = 2zx eV, which cor-
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Figure 13. Evolution of the electron temperature for the thermal isto
with decaying particles. Parameters were chosen like infElgRed lines

indicate that the electrons are hotter than thieative CMB temperature,
while blue indicates cooler than this. The blg)id line gives the case
without annihilation for comparison.

temperatures of electrons and photons to depart only skyken
with significant energy release. At low redshifts, Comptcats
tering becomes much lessieient, so that during energy release

larger diterences between electrons and photons are possible. Dur-

ing these periods the electrons are notably hotter than kg, o
that photons get up-scattered angtgpe signature can arise.

In Fig.[14 we illustrate the evolution of the CMB spectral-dis
tortion caused by the heating from decaying particles wiffed
ent lifetimes. The upper panel gives an example for a partigth
short lifetime. The distortion clearly is close tquéaype distortion
until very late times. The only ffierence is because of th€ect
of electrons cooling significantly below the CMB temperatait
late times, introducing a small modification because of-free
absorption in the 100 MHz frequency band. In the central page
give a case which at the end has the character of pbaihd y-
type distortion. Initially, it starts like a-type distortion, but heating
continues to be significant down o~ 10°, when electrons obtain
temperatures larger than the CMB, such that photons ar@lpart
up-scattered. At the end of the evolution the spectrum nesnaia
state that is a mixture. Finally, in the lower panel of Eigwielgive
an example for a case that looks like a pydistortion at high and
intermediate frequencies. In this case, energy is maitdased at
times when Compton scattering is unable to re-establidhkiul
netic equilibrium with the electrons. However, at low freqaies
one can again observe th@ext of cooling electrons during at after
the epoch of recombination.

In Fig.[I3 we show the distortions for some of the previous
cases, but focused on the spectral bandsxaf Hn contrast to the
case of annihilating particles, where the shape of the diistowas
rather insensitive to thefiective annihilation rate, for decaying par-
ticles the shape of the distortion varies strongly with iitstime.
This should make it possible to distinguish theet of decaying
particles from the other sources of energy release disdissséar.
For the chosen energy injection rate the typical amplitutithe
distortions iSAT/T ~ 1077 — 1078, which is well within reach of
the Rxie sensitivities. However, to forecast the possible constsai
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Figure 15. CMB spectral distortion at = 200 after energy injection from
decaying relic particles with fferent lifetimes in the R bands. In all
cases we fixedgec = 22x €V, which corresponds to a total energy release
of Apy/py|dec ~ 1.3x 1078, For the éfective temperature of the CMB this
implies AT /Temg ~ —32x 1077 atzs = 2 x 107 and atze = 200 in all
cases we founfhT;/Teug| ~ 10720,

from Pixie requires consideration of more cases and realistic fore-
ground models.

3.6.1 Upper limits from analytic estimates

) provided simple analytic expressions giléiw
estimating the final spectral distortion after some enerjgase
caused by decaying relic particles. These expressionswidedy
used in the literature to place limits on the possible amofile-
caying particles with dferent lifetimes, and here we wish to com-
pare them with the results of our computations.

To obtain the analytic estimates one can start with the gmpl
approximations for single energy releasezatAt high redshifts,
during the era ofi-type distortions one h&(Danese & de Zofti
[1982; Hu & Silk 1993a; Chlubia 2005)

Hoo = Hn ef([1+41]/[1+4‘])5/2’ (37)

where the thermalization redshift
_ Yp/z]—2/5 [ Qbhz -2/5

0.88 0.022 (38)
was already used several times above ;EBunyaev & Zeldovidh
m:) gave the well known approximatigp ~ 14 , Where it
is assumed that a negligible amount of photons is |nJecnemblhjk
of the energy comes out as heat.

In Eq. [39), the exponential factor acts asgisibility function
for spectral distortionsAt redshiftsz < z, practically all energy
ends up as CMB spectral distortion, whilezat z, thermalization
exponentially suppresses the residual distortion wittbteoGomp-
ton emission being the main source of photons.

z, = 198x 106[l

17 In a baryon dominated Universe BR is more important than D&-em
sion. In this case the one has ~ un e (L2142 with 7., ~ 6.2x 106

(Sunyaev & Zeldovidh 1970c).
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To compute the total distortion arising in tpeera from de-
caying particles one simply has to calculate the spectsibility
weighted energy release rate:

Ap,

Aoyl f 1 dE

p7 dec p7 dt
which, assuming radiation domination, in our parametigrat
Eq. [27) reads

g (A1) G
dec

39)

-1

Ap, o I-Yo|[@h? ][ 142 | '~
—| =10 40
£y ldec 8x1PeV|| 0.75 || 0.022||5x 10* J. (40)

where we defined the integral
_ % _
7 Jo

xz1 2 211/18 54/9 110/9 >1<0/9 41b
) § x  exp _W s ( )

with Ax = [1 + z]/[1 + z,]. The integralJ can be easily solves
numerically and is shown in Fif L6 together with the restdtrf
the approximation, Eq{41b), which works very well fgr z,.

In the work o (1993b), this estimate was performed
in a slightly diferent way. There it was assumed that all the en-
ergy released by the decaying particléieetively is injected at
time ter ~ tx. This can be concluded from Eq. (8) in their pa-
per, where the exponential factor reaéc/®®* = e&” which
implies j_Hu ~ e"li/z. In Fig.[18 we also plotted this version for
J and find that forzx > z, it strongly underestimates the actual
value of.J, as already pointed out by Chlliha (2005). This implies
that the limits derived from @se/Firas for particles with lifetimes
ty < 6x 10° s are significantly stronger.

_Numerically we were able to compute th@i@iency function
J using GsmoTuerM. In practice just defines how much of the
energy that was released remains visible as spectral tilistdo-
day. Assuming a constant total energy release, one carfdahere
computeJ simply varying the lifetime of the particle and com-
paring the &ective value for., with the total amount of injected
energy. To make the results more comparable we switciidgiRy
since for the estimate above this was not included consigtainis
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Figure 17. CMB spectral distortion at = 200 after energy release by de-
caying particles with redshifty = fx = 5x 10° andAp/p ~ 6.3x 1077,

In this figure the importance of BR is illustrated. Also we wt&mple an-
alytic approximations according to EQ.132, with, = 2.65 x 108 and

x = 1.6x 1072 in the case with BR, angw, = 1.8x 108 andx = 1.6x 1072

in the other.

also makes it easier to defipg as the late changes in the distortion
atlow frequencies are not arising (see Eid. 17). Fron{Eigvé ¢an
also see how much the low frequency spectruntliscéed by BR.
The position of the maximal temperature dip in the case witho
BRis close tax ~ 1.6 x 1072, while with BR it is atx ~ 1.6 x 1072.
This demonstrates the well known fact that DC becomefiaient

at low redshifts (see Danese & de Zotti 1982).

The result of this exercise is also shown in Hig] 16 for
Apy/p, ~ 6.4 x 10°°. As one can see, the agreement with the ana-
lytic estimate is excellent for this amount of energy injeet How-
ever, for larger energy injection we found tif@tum < J atz> z,.
Also, when switching on BR the simple analytic formula carive
directly applied, as in those cases the distortion no loiggrst a
simpleu-type distortion, but the low redshift and frequencies othe
contributions can be noticed. In these cases, full numler@apu-
tations for each case should be carried out.

We also comment here that, using the simple expression,
Eqg. [41B), it is clear that the distortions introduced dgriie
epoch of electron-positron annihilatiom ¢ 6 x 10°) are com-
pletely unobservable. Although the total energy releasm fthis
epoch isAp/p ~ 1, the distortions are suppressed by at least
J ~5x 107, For this simple estimate the verffieient electron-
electron and electron-positron Bremsstrahlung process hat
been included but would lead to even faster thermalizatim:
thermore, even only with normal BR one would reach the same
conclusion [(Sunyaev & Zeldovich 1970c). Anything happenén
z > 10" with Ap,/p, < 107 will lead to distortions that are no
larger thanu., ~ 10°°.

3.7 Distortions caused by quasi-instantaneous energy release

To close our computations of spectral distortion after gnee-
lease we considered some examples with quasi-instantsiresnu
ergy injection. The evolution of the electron temperataneported

in Fig.[I8 and a few cases for the final spectral distortionthén
Pixie bands are shown in Fif.119. We started your computation
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Figure 19. CMB spectral distortion at = 200 after quasi-instantaneous
energy injection at dierent redshifts in theRe bands. The total energy
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atz = 4 x 10’ with the initial condition defined as explained in
Sect[311.

The electron temperature rises steeply closg tnd falls df
very fast once the energy release ceases. For the spestmation
one can again observe thefdrence in the characteristic spectrum,
which is dominated by:-type contributions for cases with large,
and is clearly of-type for very small values df,. Forz, ~ 5x 10*
the distortion is a mixture of both.

The diferences in the shape of the distortions are very visible,
however, comparing to the case with decaying particles shbuat
quasi-instantaneous energy release gives rise to verlasidistor-
tions for injection at equivalent epochs. This suggests dFsin-
guishing these two cases could be rather demanding.
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To make this point even clearer, faf = 5 x 10* we also
ran a case witlr, = 0.25t, and the same total energy injection.
The result is also shown in Fif.119. Clearly, it is rather hard
distinguish the two lines correspondingzp= 5 x 10°, however,
the diferences are still at the level of a few percent. Fdiisiently
large energy release this could possibly be measured wsih, P
however, more detailed forecasts will be necessary.

4 DISCUSSION AND CONCLUSION

We presented detailed computations of the CMB spectrabrist
tions introduced by dierent physical processes. We focused in par-
ticular on small distortions that could be within reach ofi®. For
this purpose GsmoThERM, @ thermalization code which solves the
couple Boltzmann equation for photons and electrons in e e
panding isotropic Universe, was developed. Improved appra-
tions for the double Compton and Bremsstrahlung emisssgjiths
well as the latest treatment of the cosmological recomlaingiro-
cess were taken into account.

We demonstrated that the interaction of CMB photons with
adiabatically cooling electrons and baryons results indume of
anegativeu- andy-type distortion with &ectivey ~ —2.2 x 10°°
andy ~ -4.3 x 10719 (see Fig[B). For the currently quoted sensi-
tivities of Pixe (Kogut et all 201/1) thisféect is unobservable, even
in the most optimistic case of no foregrounds. However, #pédr
progress in detector technology and the possibility ofrediteg the
frequency bands ofiRe below 30 GHz, might render this process
interesting in the future.

Furthermore, we computed the shape of the distortion arisin
from the dissipation of acoustic waves in the expanding Ehsie
(see Fig[B) using estimates for the energy release rateslpt
by[Hu et al. [(1994). We find anfiiectivey ~ 8.0 x 10~° with an
admixture ofy ~ 2.5x 107° for ng = 0.96. It therefore appears that
for ns = 0.96 RAx could already allow ad detection of the #ect
caused by the dissipation of acoustic waves.

Nevertheless, the distortion created by the damping ofscou
tic waves might be precisely measured in the future. Thislavou
in principle allow us to place additional constraints offefient in-
flationary models, however, as we discuss here for precesdiqr
tions of the expected distortion one should also includecteri-
bution from the cosmological recombination radiati
[1975; Chluba & Sunyaby 2005: Sunyaev & Chluba 2009), which
was emitted az ~ 1400, and contributes significantly at very high
and low frequencies (see Fid. 7). In addition, our compaoitestin-
dicate that the energy injection rate associated with thsightive
heating process during the recombination epoch is veriylixeer-
estimated and should be refined for reliable forecasts.cthikl in
particular dfect the admixture of-type distortions arising from
this heating mechanism, and we plan to look at this problem in
future publication. We also emphasize th#itthe aforementioned
distortions should arise in the standard cosmological mdole-
serving the cosmological recombination spectrum togettién
these distortions might therefore open a way to place antditi
constraints on the Universe we live in.

We also computed the possible distortions arising from an-
nihilating and decaying relic particles. In the case of hitaiing
particles the distortion is dominated byugype contribution (see
Fig.[8), however, at very low frequencies the free-free psses
leads to significant modifications. Similarly, at high freqaies a
late y-type contribution arises. The shape of the distortion iy ve
similar for different annihilation &ciencies, but the amplitude and
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sign depend significantly on this. For very small annihdatrates
the distortion arising from cooling electrons dominate amake
the annihilation signal very hard to observe. Furthermdran-
nihilating particles are present in the Universe, théie& on the
CMB spectrum could be confused with the one from dissipation
acoustic waves, however, for current upper limits on tfiective
annihilation rate, this is likely restricted to the levellif%— 20%.
We furthermore conclude that presently improving the l&oit en-
ergy injection by annihilating particles usingk: will be very hard
unlessf,, exceed~ 10%2eV st

In the case of decaying particles, the shape of the distor-

tion strongly depends on the lifetime of the particle (seg [EB).
This should allow distinguishing betweenfférent particle mod-
els rather easily, unless the energy deposition rates kedom
small. We also revisited the simple estimates for the anmgitof
the spectral distortion in the-era, showing that the residual dis-
tortion caused by decaying particles with lifetimes shott@n
ty ~ 6 x 10° sec was underestimated. This implies that the CMB
limits on decaying particles are possibly slightly strontpan pre-
viously anticipated (see Fig.116). However, since the distios for
particles with lifetimegy ~ 108 — 10° sec are neither puge- nor
purey-type deduced upper limits are mordfatiult to interpret.
Finally, we also computed the distortions arising in casigls w
quasi-instantaneous energy release (sed Flg. 19). Thetsetidns
are very similar to those obtained in cases with decayingj-par
cles, so that distinguishing the two mechanisms will be lehgt
ing. However, a detailed forecast of the observational ipiges
with Pxie regarding all these fferent cases should be performed
to reach a final conclusion about this. These forecasts ghinul
clude the possibilities of simultaneous energy releaséarésms.
In addition, the distortions introduced at lower redshifts exam-
ple by heating because of supernomzom’u), okshoc
during large scale structure formation (Sunyaev & Zeldosig72;
Cen & Ostrikell 1999; Miniati et al. 20D0), have to be consider
Also, the éfect of unresolved SZ clustets (Markevitch et al. 1991),
the kinetic SZ &ect from reionization (e.g., s et al.
5, and references therein), and the integrated S|gmiso‘usty
gaIaX|es (e.g., see Righi et al. 2008; Viero et al. 2
[2010; Dunkley et &l. 2010; Planck Collaboration €t al. jZOMl)
contribute at an important level. In all these cases oneldhmmn-
sider the possibilities to include spacial-spectral anknmation
information to separate the fiBrent components. However, we
leave a detailed investigation for some future work.
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