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Recombining WMAP: Constraints on ionizing and resonance radiation at recombination
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We place new constraints on sources of ionizing and resonance radiation at the epoch of the recombination
process using the recent cosmic microwave background temperature and polarization spectra coming from the
Wilkinson Microwave Anisotropy Prob@VMAP). We find that non-standard recombination scenarios are still
consistent with the current data. In light of this we study the impact that such models can have on the
determination of several cosmological parameters. In particular, the constraints on curvature and baryon den-
sity appear to be weakly affected by a modified recombination scheme. However, it may affect the current
WMAP constraints on inflationary parameters such as the spectral mdaxd its running. Physically moti-
vated models, such as those based on primordial black holes or super heavy dark matter decay, are able to
provide a good fit to the current data. Future observations in both temperature and polarization will be needed
to more stringently test these models.
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[. INTRODUCTION specified by the position and width of the recombination sur-
face in redshift space. Here we will instead focus on theo-
The recent measurements of the cosmic microwave backetically motivated mechanisms based on extra sources of
ground (CMB) flux provided by the Wilkinson Microwave ionizing and resonance radiation at recombinatieee, e.g.
Anisotropy Probe(WMAP) mission[1] have truly marked [16]). While the method we adopt will be general enough to
the beginning of the era of precision cosmology. In particu-cover most of the models of this k_ind, we remind t_he reader
lar, the position and amplitude of the detected oscillations irfhat there are several other ways in which to modify recom-
the angular power spectrum of the CMB are in spectaculaPination, like, for instance, by having a time-varying fine-
agreement with the expectations of the standard model gftructure constarfil7]. In our analysis, we will not cover the
structure formation, based on primordial adiabatic and nearlonstraints on these models from WMAP as they have been
scale invariant perturbation&]. Assuming this model of Tecently investigated if18]. N
structure formation, amdirect but accurate measurement of  Following the seminal papef49,2Q detailing the recom-
several cosmological parameters has been repof8d bination process, further refinements to the standard scenario

in agreement with those previously indicatéske, e.g[4]  Were developed21], allowing predictions at the accuracy
and[5]). level found in data from the WMAP satellite and the future
However, beside a full confirmation of the previous sce-Planck satellitef22,23. With this level of accuracy it be-

nario (with a sensible reduction of the error batise WMAP ~ COmes conceivable that deviations from standard recombina-
data set is also hinting towards a modification of the standarion maybe be detectablé6,24,25. _

picture in several aspecf{8]. In particular, the low CMB The paper proceeds as follows. In Sec. Il we review mod-
quadrupole[6,7] possible scale dependence of the spectraﬁ!s WhICh can produce deviations from_ the standard recom-
index [8,9], high optical depth(see, e.g[10-17) possible bination scenario. In Sec. Il we describe how these devia-
deviations from flatnesEL3] and dark energyl14] have al- tions might affect the CMB temperature and polarization
ready produced a wide interest. Further, the relatively higlPower spectra and conduct a likelihood analysis using the

¥2 per degree of freedom of the fiducial model suggests sysecent CMB data from WMAP. In particular, we will study
tematics and/or new physics could be considered. the impact that a modified recombination scheme can have

It is therefore timely, with the increased precision of the®n several cosmological parameters. In Sec. IV we draw to-
CMB data set to further test the standard scenario and tg€ther the |m_pI|cat|ons of the a_naly5|s, placing constraints on
investigate possible deviations. Here we investigate possiblgurrent theories of recombination.
deviations in the mechanism to which CMB anisotropies are
highly dependent: the process of recombination.

The recombination process can be modified in several
ways. For example, one could use a model independent, phe- In the standard recombination modél9,2Q the net re-
nomenological approach such as[itb] where models are combination rate is given by

II. BEYOND STANDARD RECOMBINATION
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wherex, is the ionization fractiona, andb, are the effective
recombination and photo-ionization rates for principle quan- oy -2
tum numbers=2, andAB is the difference in binding en- 2
ergy between the first and second energy levels. In addition
to the single Lye transition with wavelength,, there is

also two-photon decay from the meta-stabke |@vel, with T T R

decay rateA;o,s. The contribution of this process is re- oL ! ! ! 1
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The standard hydrogen recombination scenario can be I STl
simply extended in two ways with the addition of ly-and -6 \ :
ionizing photong 16]. N e

The extra contributions can be related to the baryon num- 2000 1500 1000 500 0
ber density through the efficiency functiong ande;, re- Z
spectively, FIG. 1. Evolution ofe;, characterizing the number density of

dn,, dn, extra ionizing photons added during the recombination egbot
——=¢,2)H(zZ)n, ——=¢;(2)H(z)n €©)] tom panel and the evolution of the associated ionization fractign
dt dt (top panel for the WMAP best fit, fiducial caséull line, £;=0)

. and for sample models, described in the text: PBH decay with co-
whereH(z) andn are the Hubble expansion parameter andefficients as in25] (dot—long dash topological defect particle re-

mean baryon densityneutralH and protony respectively. |qase (dot—short dash short-lived SHDM decay with®=10°

We leave photons produced by two-body interactions, folshort dash and ® = 10° (long dash corresponding tcz(t,) ~4

example of annihilation of weakly interacting massive par-and 5, respectively. The ionization fraction for the topological de-

ticles (WIMPs), with dn; /dt= oy up N, up fOr future in-  fect model lies almost on top of the fiducial case. The parameter

vestigation. measuring additional resonance photats, is of the same order
The addition of extra Lya and ionization photons in Eq. ase; in each of these models.

(3) adjusts the recombination rate from the standard model in . .
Electromagnetic cascades from general particle decay can

Eq. (1) be described by the parametrizatidb]
dx,  dxXe 1078
——==———| —CgH—-(1-C)gH. (4) - r
dt dt |, Eai Qgh2®[2(tx)](l+2) , (6)

There is a range of physical mechanisms which couldwith r=1/2 for particle release from topological defeats,
generate additional photons; we review them briefly here, see — 1 for the decay of super heavy dark mat@HDM), and
[25] and references therein for a fuller discussion and deriwhere the normalization is the EGRET energy deng2§j,
vations. although one could imagine using a code such as
In generale , ande; are functions of redshift, dependent parksusy [30] to get a more precise normalization value.
upon the particle decay model that is being employed, andhe proportionality constar®[z(t,)] reflects an alteration
the size of the decay lifetime, in comparison to the lifetime  required for decay time dependence in the normalization of
of the universd,,. SHDM scenarios. For short-lived SHDM  witht,
Primordial black holgPBH) decay{26] at the moment of  <t,, ®[z(t,)]~ exp[(1+7t])*?] and equals 1 for all other
recombination can be described by a model of the form  cases. Short-lived SHDM can therefore have substantially
higher values fore; , .
Sj:ng_g/zeXp_é,_g,/z’ = 1+z 5) _ Note that in both particle and BH decay the models pre-
1+ Z4ec dict €,~ €, . We demonstrate the size and evolutiorepfor
scenarios described above in Fig. 1.
wherej can bea or i and zy.. is the redshift of photon The combined effect on reionization from mechanisms
decoupling. The authors ¢25] usec,~0.3 andc;~0.13;  such as those described above would obviously require a
however, these values are dependent on assumptions abauim over contributions from all sources. Our aim is to find
the PBH mass and number density distributions, which iran upper limit on the overall contribution, independent of
turn rely on the nature of the inflationary spectri@?] and  source, and as such we adopt a simple parametrization using
the possibility of accretiofi28]. constant, effective values fe, ande,, .
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recombination increases the angular diameter distance at last
scattering and therefore shifts the first peak to lowerhe
delay also increases the optical depth, suppressing the height
of the peaks in comparison to the Idwplateau and decreas-

6000

4000 ing the ratio of the second to first peaks.

- Increasinge; introduces a plateau in ionization fraction,

Eﬁ 2000 preventing a trend towards full recombination. Boosting the

&5 number density of ionizing photons increases the optical

= depth significantly more than a similar increase ind-ypho-

N 0 tons, resulting in a pronounced suppression on the first peak

= 6000 height. Subsequently we would expect much tighter con-

= straints one; from the TT and TE spectra.

o 4000 N It is interesting to note that introducing a Iargg extra ion-
izing component can give a large cross-correlation on large
scales, similar to that generated by early reionization. How-

2000 ever, it is unable to account for both the TT and TE obser-

vations simultaneously because of the peak suppression in
the TT spectrum.

0 ! log & 3 lll. LIKELIHOOD ANALYSIS
; _ | 4 Our analysis method is based on the computation of a
FIG. 2. CMB TT spectra for various values of, (top) ande; iy alingod distribution over a grid of precomputed theoretical

(bOttom).ShOW'ng the increasing suppression and shift O.f the_ peak?ﬂodels. We restrict our analysis to a flat, adiabatieCcDM
as one increases the number of extra resonance and ionizing pho-

tons, respectively, in comparison to the WMAP best fit fiducial model template Colmputed with a modified version of
model WitF:‘laiZSZ:O (full IiFr)le). Spectra are normalized ©g;. CMBFAST [31], sampling the parameters as fonomzédmhz
=wegn=0.05...,025 in steps of 0.01Q,h*=w,
=0.009...,0.030 in steps of 0.001 arfu=0.55...,0.85
in steps of 0.05. The value of the cosmological constaig
determined by the flatness condition. Our choice of the
CEbove parameters is motivated by big bang nucleosynthesis
jounds onw,, (both fromD [32] and *He+ "Li [33]), from
upernovag34] and galaxy clustering observatio(see, e.g.
[35,36)). From the grid above we only consider models with

In Figs. 2 and 3 we plot the temperatuf@T) and
temperature-polarization cross-correlati@) power spec-
tra for several values of , ande; . Qualitatively, increasing
¢, broadens the epoch of recombination and lowers the re
shift when the optical depth drops through unity. DelayingS

1S ] the age of the universg>11 Gyrs. We vary the spectral
E €a™ ] index of the primordial density perturbations within the
1E —-- =10 4 rangen,=0.8,...,1.2, we allow for a possibl¢instanta-
C ] neous reionization of the intergalactic medium by varying
05 [ - the reionization redshift 5z,; <25 and we allow a free res-
. u 1 caling of the fluctuation amplitude by a pre-factor of the
R 1 order ofCgy, in units of C}°"M=1.9 4K?. Finally, we let
?é F , . e, andg; vary as follows: 104<e,<10? and <10 “4<g;
= _o5 L - 1 <1 in logarithmic steps.
& TN BT el The theoretical models are compared with the recent tem-
5 4 ‘ ‘ €,=0 " perature and temperature-polarization WMAP data using the
+ S o e=10-%1 publicly available likelihood codg10,37.
& 3 \"\.\ ‘7 o In Fig. 4 we plot the likelihood contours in the,-¢;
= i ‘ —— =107 plane showing the @ and 3 contours. As we can see there
2 is no strong correlation between the two parameters.
1 B Marginalizing over all the remaining nuisance parameters
i we obtain the following constraintse, <10 and &;
oL <10 '?at 95% C.L.
- _ As we can see, despite the high precision of the WMAP
-1 _— data, substantial modifications to the recombination process

1 10 100 1000

| might be present. In Table | we demonstrate this for models

discussed in Sec. Il. lonizing photons from PBH decay are
FIG. 3. CMB TE spectra for various values of (top) ande;  Still in good agreement with the data, to withirrl Simi-

(bottom) against a fiducial case with,=¢;=0 (full line). In each  larly, assuming the normalization prescription giverj 23],

case a reionization redshift af;=7 is used for comparison. long lived SHDM particles are not constrained well by the

083501-3



BEAN, MELCHIORRI, AND SILK PHYSICAL REVIEW D 68, 083501 (2003

T T T T — 4 T T T T T T T T T T
0 WMAP TT+TE ] E 5 B
Flat universe ] N L
] = oL
- 3
& L
] N 1
95% c.l. - 7 L
] =
__ vilk 1 1 llllHl 1 1 llllHl 1 1 llllHl
E 1 10 100 1000
] 1
] Py TTTTTTTTT[TTTTTTTTT[TTTTTTYYY[YTTY
1 D 6000
. 3 5000
| L :\éu
> = 4000
N
Log €a < 3000
T 2000
FIG. 4. Likelihood contour plot in the ,-s; plane showing the = {000
20 and 3 contours. 2 o
0 1 2 3
data; however, there is a sharp cutoff in the likelihood for log 1
particles that would decay on time scales shorter tt(@n ] . )
=6). FIG. 5. Figures demonstrating how a potential degeneracy be-

Since a modified recombination scheme can still be intvx_/een flat and spatially curved scenarios with non-zgyds_broken
agreement with the data, it is interesting to study the impac‘fV!EE W'\ﬂAls N d?;]d—T(I)E ?pﬁtra' A WhMAP best f'ttf'duc'a(‘jl rlnoiﬁl
these modifications might have on the constraints of severd' _Z(;‘ 6_ an dan - 1K0; an( duz-Ti)7 I(SdZsr?;vdn Iﬁ]gﬁatlﬁzt ar?;;) ts t\ma
parameters determined in the standard analysis. In Fig. 5 wgX = a= ne P

. . V\%MAP data release had some degeneracy with the standard sce-
demonstrate the benefits of having both the TT and TE SP€Gario. In particular note how the addition of the TE spectrum

tra avallable.m breaking potential (_Jlegen-eraues with Spat'a'altrongly breaks the degeneracy, since the open model has a strongly
curvature. With pre-WMAP uncertainties in the TT spectrumsuppressed reionization peak.
peak heights relative to the plateau, a “degeneracy” between

curvature anc,, existed[16]. A non-zero value ok, can  jong g the recombination process. The valuasgf=0.023
shift the TT spectrum peak positions in an open model sq, o 491 js unaffected by the inclusion ef, or &, . This can

that they have a similar fiducial-C.DM case. However the be explained by the high precision measurements of Sachs-
accuracy of WMAP data over the first and second peaks no e plateau and the first two acoustic peaks made by the

allows such an open model to be distinguished by the peafy\;ap satellite, which breaks the degeneracy betwegn
suppression produced by increasingMoreover, the reion- ands, found in Seageet al. Increasingz, or s;, however,

ization peak is_strongly suppre_ssed in_ the open sqenari(_) %hn have an important impact on the determinatiomgf
the two scenarios are further differentiated by the 'nCIUS'Oq\Iamer a modified recombination will have effects similar

of TE data. to those of an early reionization process, lowering the small

. In.F|g. 6 we prqbe degeneramgs that are Ie;s easily dISs'cale anisotropies and allowing greater valueagto be in
tinguished; projecting the constraints ep ande; in func- agreement with the data

tion of the baryon density, tklel spectral index and its running Finally, it is interesting to study the correlation with a
dns{d Ink at ko=0.0%h Mpc ~. As we can see, the CON- possible running of the spectral index. In Pegisal. [8], a
straints onwy, are weakly affected by our simple modifica- __5 . e\jidence for a negative running of the spectral index

_ ., ) ~ has been found. This is not expected in most common infla-

TABLE |. Difference in x“ from the best fit standard recombi- tionary scenarios and several mechanisms have been pro-

nation model for a range of non-standard recombination scenario&osed to explain the effetsee, e.g[9]). However, as we can
discussed in Sec_. Il, using WMAP TT ano! TI_E data. For the SHDMsee from the plots at the bottom of Fig. 6, a delayed recom-
;nodelsfv:s ﬁgnilder ?tLange_of decatly I'feé'mg‘s’ measured iN - pination will in general not solve this problem, but it will
erms of the lifetime of the universe at a redskuft,). enhance it towards a more negative runniimgthe plots we
assumeng=0.93). A possible solution might come from a

2
Ax speeding up of recombination rather than delay, through hav-
PBH c,=0.3, ¢;=0.13 1.9 ing concentrations of baryons in high density, low mass
SHDM 0=<10, z<5.3 <0.3 clouds, for examplg24]. The accelerated recombination, be-
0=10, 7=6.0 8.7 cause of the resultant premature reduction in the ionization
0=10, 7=6.5 3757 fraction, can be parametrized by an effectiye<0 with ¢;

=0 still. As we see in Fig. 7, negative valuesefare more
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FIG. 7. Correlation between a negatizg and a running of the
spectral indexdn/dInk at k=0.0shMpc . The redshift of reion-
ization is fixed atz,;=12, the Hubble parameter i3=0.68,ng

=0.93 andg;=0.
° - 2 ° . many of the worrying degeneracies between ¢; and the
Log Ea more standard cosmological parameters. In particular, the

constraints on the curvature and baryon density appear to be
FIG. 6. Correlations betweer), ande; with several cosmologi- weakly affected by a modified recombination scheme. How-
cal parameters. The redshift of reionization is fixedz,at 12 and ever, it may affect the current WMAP constraints on infla-
the Hubble parameter Is=0.68. One can see that while the baryon tionary parameters like the spectral indexand its running.
f:iensity is rpbust tq alterations u}t ande;, both the scalar spectral Physically motivated models, like those based on primor-
index and its running are sensitive. dial black hole or super heavy dark matter decay, are able to
rovide a good fit to the current data. Future observations in
oth temperature and polarization, from the next WMAP re-
lease and the Planck satellig5], will be needed if we are to
more stringently test these models.

consistent with a zero running, although they are likely no
sufficient to fully explain the observed phenomenon.

IV. CONCLUSIONS
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