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ABSTRACT

Context. Most of the missing baryons are found in slightly overderisgctures like filaments and superclusters, but to date ofost
them have remained hidden to observations. Similarly,itteat cosmological perturbation theory predicts the exist of extended
bulk flows seeded by gravitational attraction of linear ptigd wells, but again these remain undetected.

Aims. Unveil the signature of bulk flows of the missing baryons icaping Cosmic Microwave Background (CMB) data.
Methods. If the peculiar motion of galaxy groups and clusters indeesbmbles that of the surrounding baryons, then the kinetic
Sunyaev-Zel'dovich (kSZ) pattern of those massive halosikhbe closely correlated to the kSZ pattern of all surraongelectrons.
Likewise, it should also be correlated to the CMB E-mode préddion field generated via Thomson scattering after igation. We
explore the cross-correlation of the kSZ generated in ggaumgl clusters to the all sky E-mode polarization in the cdrttupcoming
CMB experiments like Planck, ACT, SPT or APEX.

Results. We find that this cross-correlation isfectively probing redshifts below = 3 — 4 (where most of baryons are missing),
and that it arises in the very large scales<(10). The significance with which this cross-correlation benmeasured depends on
the Poissonian uncertainty associated to the number of maiere the kSZ is measured and on the accuracy of the kSZatistirs
themselves. Assuming that Planck can provide a cosmicnaitéimited E-mode polarization map bat< 20 and 8N ~ 1 kSZ
estimates can be gathered for all clusters more massiveltnl,, then this cross-correlation should be measured at ther2—3
level. Further, if an all-sky ACT or SPT type CMB experimemoyides kSZ measurements for all halos abov&¥Q, then the
cross-correlation signal to noise/k§ ratio should be at the level of 4-5. A detection of this srosrrelation would provide direct
and definite evidence of bulk flows and missing baryons semelously.

Key words. (Cosmology) : cosmic microwave background, Large Scalac8ire of the Universe

1. Introduction that most of the baryons are in a warm phase (WHIM), defined
by the temperature range € [10° 10’]K. Whether most of

One of the fundamental predictions of the standard cosnolo8is gas is in a diuse phase or in small, unresolved, collapsed
cal model is that baryons (and matter in general) should he m@bjects is still an open question. Receritly, Genova-Seettal.
ing in extended bulk flows generated by the gravitationdlqiul (2005,/2008) detected a non-Gaussian cold spot when looking
large scale overdense regions. Despite they are potgnisful at the CMmB ra_dlatlon in 'Fhe thectmn of Corona Borealis, and
in terms of cosmological studids (Kashlinsky & Atrio-Badmfa discussed its interpretation in the context of the thernmal a
2000;| Atrio-Barandela et Al. 2004, 2008), none of those bulRe kinetic Sunyaev-Zel'dovichfiects. The thermal Sunyaev-
flows have been detected to ddte (Bensonlét al.| 2003), partidiel'dovich efect (tSZ, Sunyaev & Zeldovich 1980) expresses
due to the diiculty of detecting baryonic matter in the lo-the distortion that the black body CMB spectrum undergoes du
cal universe. Indeed, the visible baryonic matter in the vai¢ Compton scattering on hot electrons. On the other haed, th
ious frequency ranges amounts only to one ninth of the tkinetic Sunyaev-Zel'dovich (kSZ, Sunyaev & Zeldovich 1972
tal budget of baryons predicted by the cosmological modégscribes the Thomson scattering between CMB photons and
(Fukugita & Peebles 2004, this is the so calteibsing baryon €lectrons in which there is no energy exchange (and therefor
problem). All these baryons must be found in the preseftintroduces thermal or frequency independent brightress
Universe, since they have been detected at largel( 100) and Perature fluctuations). In the case of Corona Borealis, & wa
intermediate redshifz(~ 6), by means of Cosmic Microwave suggested that a face on filament could give rise, via eithér t
Background (CMB) [(Hinshaw et &l._ 2008) and Lymarfor- Of kSZ,. to the pattern seen in the CMB maps. However, it was
est (Croftetal.[ 1998{ McDonald etlal. 2005) observationghownir Hernandez-Monteagudo et al. (2006) that the t8atis
However, no conclusive observational evidence has beardfoi Useful tool to track the baryons outside the largest cedefna-

at low redshift. Some indications have been derived from t#s: about- 80 % of the tSZ luminosity is generated in the most
observation of absorption lines in the direction of quasaf@assive collapsed structures, and th&0% of baryons located
(see Nicastro et all_(20055,b) and references therein),softa in underdense or slightly overdense regions give rise tg onl
X-ray excess around clusters, (ela., Kull & Bohringer 1:099% of the total tSZ luminosity. The kSZ is most promisingcgin
Zappacosta et 4l. 2002). Cen & OstriKer (1999, 2005) coredudit does not require large gas pressure, but relative végsoitith
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Fig.1. (Left panel, & Visibility function versus redshift under WMAP5 cosmago (Middle panel, B: Thomson optical depth
versus redshift due to all electrons (solid line) and to ¢hekectrons contained in halos more massive than®'>M,, (dashed

line). (Right panel, ¢, square root of angular power spectra shovate theuK units). [Thick solid line:] Total CMB temperature
anisotropy amplitude. [Thin solid line:] Thomson scattgrinduced fluctuations during and after reionization. fkidashed line:]

Correlation term of the Thomson scattering induced fluebnatgenerated in galaxy clusters. [Thin dashed line:] $ewigerm

of the Thomson scattering induced fluctuations in galaxgtels. [Dot-dashed line:] Cross-correlation between e £-mode

polarization (thin solid line) and the correlated part af #5Z generated in galaxy groups and clusters (thick dagmed |

respect to the CMB instead (which is itself a prediction & ththe horizon atz = zej, (0 ~ 20° or | ~ 10). (One should also
model). However, the drawback is that the kSZ temperatuce fliconsider that, if reionization proceeded first in those noost-
tuations do not depend on the frequency, and therefore tirey cdense regions hosting the first stars, then it must also leéive |
not be easily distinguished from the intrinsic CMB temperat patchy signature on the CMB small scale anisotropies. Hewev
fluctuations. in this work we shall neglect these small angle fluctuatiofisg

In this work we profit the anisotropic nature of the Thomsotemperature anisotropies introduced in the CMB intensigyen
scattering (for which linear polarization is introducedtime caused by the peculiar motions of the scatterers (elegtvaitts
CMB), and use it as a tool to unveil the bulk flows of the missingespect to the CMB, (i.e., the kS4fect). A simple expression
baryons in the low redshift universe; € 2 — 3). For that, we for these temperature anisotropies is given by the follgwin
need to assume that the peculiar motion of clusters and grotggral of the projection of the peculiar velocity along threlof
are correlated to the velocities of the surrounding majtest ( sight:

as the linear theory predicts), and use measurements oa h%‘li - N "
as a kSZ template for all baryons. In Sectigh (2) we compufe. () ~ dy A(7) (_L(n”)) L
the kSZ and the polarization generated during and aftenseiolo Threio c

ization, and the cross-correlation between both. In Sed®)
we compute the kSZ produced by the halo population and
signal to noise (&) ratio for its cross-correlation to the all-
sky E-mode polarization. We discuss our results and coedhud
Section [(4). Throughout this paper, we shall be using a ces
logical parameter set corresponding to the WMAP3CDM
model, (Hinshaw et al. 2008).

note that we are neglecting the few percent contribution of
fe polarization terms). As in_Seljak & Zaldarriaga (1996),
this equation; is the conformal time (related to the coordinate
time viadnp = dt/a(t), with a the cosmological scale factor),
Mhd Nreio, o0 &re its values at reionization and present, respec-
tively. Dots will denote derivatives with respect to the fmmn
mal time. The (proper) electron peculiar velocity is given b
Ve(n7), and its Fourier counterpart can be related to the under-
. . lying linear density perturbation field by means of the coui
2. The l_arg_e scale secondary anisotropies after i%/y gquation. Thesyeppeculiar velocitiesydescribe the |acpe
reionization bulk flowsof matter that are generated by the linear perturba-

According to WMAP data, the first stars must have reionizdipns in the matter density field. The visibility function de-

the IGM at aroundeio ~ 11, (Hinshaw et al. 2008). Since then!ined asA(n) = 7(n) eXp(‘T(’,Q)' with 7(;7) the Thomson op-
CMB photons and electrons have interacted again via Thomd#ial depth given byr(n) = f,, dn’ a()orne(®’). In this ex-
scattering. As during recombination, this scattering @ress pressionng(r) the background electron number density and

the black body spectrum of the CMB, but however changes tttee Thomson cross section. The Thomson opacity is given by
direction of the CMB photons, and, in the presence of a nonl;) = a(n)othe(n). The visibility function A(r) denotes the
vanishing quadrupole of the CMB intensity, in also indudes | probability that a CMB photon was last scattered at the epoch
ear polarization. This process is the cause of a partiatiblyr given byn. In panel (a) of Figure[{1) it can be seen that the vis-
of the anisotropies generated at the surface of last sicaft@nd ibility function peaks at recombination redshift~ 1,100 (as
also the generation of new anisotropies at scales compat@blfirst predicted by Sunyaev & Zeldovich (1970)), althoughdsh
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a second peak at= z¢j, =~ 10, denoting the new Thomson scat- The kSZ dfect generated in the galaxy cluster
tering taking place after the stars reionize the IGM. Nost the population has been studied extensively (Peel 2006;
optical depth behavestftirently, increasing steadily upto reioniHernandez-Monteagudo et al. 2006; Bhattacharya & Kosgwsk
ization redshift (solid line of panel (b) in Figurg (1)). 20072008, etc). In particular, in Hernandez-Monteageid.
The anisotropic nature of the Thomson scattering introsluc®006) an analysis of the correlation properties of thetelus
linear polarization as long as the CMB intensity has a nopeculiar motion was provided. They found that the typical
vanishing local quadrupole. In CMB studies, it is customtary correlation length of these peculiar velocities (i.e., thgical
map the standar® andU polarization Stokes parameters intesize of a bulk flow) is typically 20v*Mpc in comoving units.
the (rotation invariantE and B modes [(Zaldarriaga & Seljak This means that a great fraction of the gas that is surrogndin
1997; Kamionkowski et al. 1997), which behave with oppositée clusters is actuallgomovingwith it. This can be envisioned
parity properties versus spatial reflections. Pure Thonssat as flows of matter (containing clusters, groups anffude
tering should produce n& mode polarization, and hereaftergas) falling into the (future) supercluster’s potentialllvand
this mode will be neglected. Since the evolution of the integenerating a kSZ dipole pattern at its center dfecént flows
sity and E-mode polarization anisotropies are coupled ley tierge in that region, (Diaferio et'al. 2000). This is related
sum of the intensity quadrupole and the polarization motepdhe basic assumption of this worgeculiar motion of baryons
and quadrupole, both quantities will be correlated, andi-acin a given region is well described by the peculiar motion of
ally this cross-correlation has already been measured byA®/M the largest galaxy groups and clusters within the same regio
(Hinshaw et al. 2008). When computing the all sky kSZ angular power spectrum
Using a modified version of a standard Boltzmann code (likgenerated by clusters, Hernandez-Monteaguda et al. §2006
e.g., CMBFAST |[(Seljak & Zaldarriaba 1996)) it is straightfound that although the this could be decomposed in fourgerm
forward to compute the temperature and E-mode polarizati@fly two of them were giving rise to most of the power: a
anisotropies generated during and after reionization, thed correlation term (generated by the bulk flows) was dominant a
cross-correlation between them.The results, computegrunthe very large angular scales, whereas the anisotropy @tiuc
WMAP5 cosmology [(Hinshaw et al. 2008), are displayed iRy the Poisson statistics would dominate at smaller scBieth
Figure [1c). The total intensity (TT) and E polarization JEh- correlathn anq Poisson terms are shown by the thick and thin
gular power spectra are displayed by the thick and thin sofi@shed lines in Figuréi(1c). The former has been computed
lines, respectively, whereas the cross-correlation beviee in-  Using a modified version of the CMBFAST code where the
tensity and E polarization is given by the dotted line (TE)eT Thomson opacity generated in clusters at a givemeads
temperature anisotropies induced by the kSZ during and affslernandez-Monteagudo etal. 2006):
reionization is given by the filled circles, and the genemif
polarization at the same cosmic epochs is the responsibiledo . Mumax dn
low | (I ~ 5-8) bump in the EE spectrum. Although the WMRP 7 = a(nor f dm WNE(M) by. )
mission has barely measured it, the upcoming Plsekellite Mrin

should be able to provide an accurate estimate of the EE ang _
power spectrum (and this shall be our assumption hereafter) ilgit?g?sbi?mia(ll\cgf_ ml\;éélm’\’,\%)hgr% !tzﬁqedperrg(t)éensr;gesggr:%ei of

Y/2 the Helium fraction correction factor agy, Qn, the baryon
and matter density parameters, respectively. The halo fmass
3. The clusters as probes of bulk flows tion dn/dM is approximated by that 6f Sheth & Tormén (1999).

As mentioned in the Introduction, there are two major aspe‘glotlvated by Peel (2006), the velocity bias was approximate

: . . y by, = 1.3 for all halos (although the particular choice of this
e e ol i PATAMter s very e mpact on our reuls, a5 we sbal
: . ow). We se = , and compared our results for
bharyons:]hat.haxe notyetbeen four;dh(Fukugltal & Pe‘lagleli)?lo ffe\;\gnt choicesn(])afxthe minimam malgkin FI)n the mL:ddIe Lr;anel
the another is the measurement of the cosmological bulk flo : : L
With the advent of high resolution and high sensitivity CMB e\%? Figure (1) the dashed line shows the optical depth geeerat

. ; . y halos more massive than&10'2 My: most of the contribu-
periments like ACT |(Fowler & ACT Collaboration 2006), SPTEOn (~ 60%) is coming fromz < 3, and the contribution from

(Ruhl et all 2004) or APEX (Dobbs etlal. 2006), bulk flows havi he more massive) galaxy groups and clusters is shifted eve

prospects to be detected by Ipoking at the kS.Z in galaxy cl irther into the lowz range. On the other hand, the Poisson term
ters. These structures contain large reservoirs of gaschNh(Ean easily be found to be. '

constitute sources for relatively large values of opticaptth,
(r ~ 104, 107). Nevertheless, one must have in mind that the o) " 2
kSZ effect is not the only physical mechanism to be found ipksz _ "émin dn 12 f ™ AM dn [ orNe(M)byory(M, 1)
clusters. Indeed, given the fact that, in these halos, gasszah ' T Munin dm d3,.(m)
temperatures at the level of a few KeV, inverse Comptoneaecatt ¢

ing in which hot electrons transfer energy to CMB photonZ|tS 1

becomes of relevance as well. However, the brightness tempe X (1 + _), (3)
ture fluctuations introduced by thiffect cross from negative to £

positive values at a frequency close to 218 GHz. For thisoreas

this frequency becomes an ideal window for searching for thé1eredang(n7) denotes angular diameter distance andM, )
kSZ in galaxy clusters. is the time dependent rms line of sight peculiar velocity of a

object of mas,

Treio

1 WMAP URL site:http://map.gsfc.nasa.gov
2 planck’s URL site: o2(M. 1) = 1 H) dD;
http://www.rssd.esa.int/index.php?project=planck vV = 3 n dz

2
) f dk 12 ;’;2(:3 IWRM)F.  (4)
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Fig.2. The three panels display the tot@NJatio for the correlation of the E-mode polarization witle fow redshift ¢ < 3—4) kSZ
generated by bulk flows in galaxy groups and clusters. Hata@@xes display the decimal logarithm of the individualgycluster
kSZ measurement/S ratio &), whereas vertical axes display the decimal logarithm ef tinimum mass of groupdusters
considered. Due to Poiss@hot noise, a low choice far,i, makes the high total/8 regions shrink, and this also happengif,

is chosen too big and too much information is unused. Thergtminimum redshift is arounz,, ~ 0.05, and the maximum/~

ratio achievable for perfect E and kSZ surveys i5.8. Note that we are assumirigr, = 1.

The present linear matter power spectrum is givenPaik), tities, i.e.,S/N = [Z|(S/N)|2]l/2. It turns out that the actual am-
the linear density growth factor b;, the Hubble parame- hjitde of this N ratio is strongly dependent on the relative
ter by H(x), and the Fourier window function of a top hat fil-3mpjitude of the Poisson term with respect to the corratatio
ter corresponding to an object of malssby W(kR(M)), (se€e erm (cancelling any dependence on parameters like thevelo
Hernandez-Monteagudo et a_,I. (2006) f_or det{;uls). Noté tha ity biashy). Due to thenz/dji « 1/i2 dependence in equation
equation [(B)§ denotes the signal to noise ratio of the .kSZ d , the Poisson term is Iesnsg important for higher valuesef t
tection in a single clustggroup. As noise we regamhy signal minimum redshift considered,. Further, it depends linearly

present at the cluster position that is not due to the caetdzlawith the number densit : .
o y of objects, as opposed to the cdioala
f[:é);npongnt |0f the.kS.Z E:eMgB kS§ caused by ther_mal I\/F\?Ioc't'?érm, which depends on the number density squared. Therefor
resiaua’s, intrinsic , radio Source emission, IRTe8U ¢, o416 yalues of the threshold mads,n the relative weight

emission, instrumental noise, etc). Note as well the lovinétl ¢ o bisson term versus the correlation one should dimini
limit given by Zmin in equation I(3). Therefore, this equation acyg s shown in Figure[{2). It is worth to remark as well that
counts for both the Poissonian statiségglthe error in the kSZ since this correlation arises around halos at low and meglera

recovery at cluster positions. Only in the cgse oo we recover redshifts, the matter behind this signatligerentfrom that gen-

the pure Poissonian term. erating theanti cross-correlation between CMB anisotropies and
We are interested in the correlated component of the C“ﬁ[Zlcm observations

ter kSZz, i.e., in the velocity component that should be comgv
with the surrounding matter. If this is indeed the case, tifwen
pattern of the kSZ in clusters must be very similar to thahef t
kSZ generated bgll electrons (filled circles in Figur&l(1)), and
therefore it must be closely correlated to thenode of the polar- The horizontal axis of Figuré}2) corresponds to thiN Batio
ization anisotropies generated during and after reioiizdt.e., to which the kSZ can be determined in a single halo, {én,
the low| bump). The actual amplitude of this cross-correlatiogquation[{B). The number of potential contaminants when-mea
will depend on the redshift range that a given set of halosdb  syring the kSz in a halo is relatively high: the tSZ has a deini
ing, and the signal to noise A$) ratio of this cross-correlation spectral dependence, and should be close to zero-at218
for a particular multipolé is provided by GHz, but however asymmetries in the frequency response of
the experiment together with relativistiffects (Itoh & Nozawa
5) 2004) will inevitably leave some residuals. However, asagho

= 2" inIHernandez-Monteagudo et al. (2006), its relative weligkhe
N C|EE (Clkszd + Clksz’f) + (C:(SZCI E) kSZ decreases for the most numerous low mass halos, for which

. the relativistic tSZ corrections are also less importamiernal

The symbolfy refers to the fraction of the sky covered by af,qtions within the halos (which, as found by Diaferio et al.
experiment, an€°*” andC°#* denote, respectively, the an-(2005) are only relevant for slow halos) should average out
gular power spectrum of the correlated part and the noiseeof ivhen integrating over the total halo solid angle. The ureorr
kSZ generated in galaxy clusters. The cross-correlatiomd®n |ated component of the kSZ could be significant in those sys-
the kSZ in halos and the E-mode is giver(t#?zc"E. If fsky=1, tems where the velocity of halos are thermalized; howevsr th
the total 3N is given by the sum of the squares of these quaalmost never happens for the galaxy groups and clusterg bein

4. Discussion and Conclusions

E )2 (21 +1) fapy (CFSZHE)
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targeted here, since superclusters are structures thabaget spectrum has been assumed, at least in those same large angu-
relaxed. Nevertheless, Peel (2006) found that, in his ctsgro lar scales. Very soon, the Planck mission should be abldlito te
ical simulations, the peculiar velocities of haloes showed whether this is a sensible assumption or not.
relation properties that flered substantially from linear theory
predictions, even at high redshift. If this is indeed thesgéisen AcknowledgementsC.H.M. acknowledges useful conversations with
the issue would be whether the baryons surrounding halokwoB-SPe™9¢"
have their peculiar velocitiestacted in the same way or not. We
shall address this issue in future work. The impact of IR @nd rReferences
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& ~ 1) for all clusters more massive than'iBl,, then Planck ~ A- Nagar, N. M., & Axon, D. J. 2002, A&A, 394, 7
alone would already yield a totali$ between 2 and 3. Likewise,
upcoming Dark Energy surveys like Pan-STARRBESH or
PAU-BAQH, or X-ray surveys like eROSITRAshould probe the
relevant redshift range, and provide independently cgsatf
group and cluster candidates. At the same time, high résolut
CMB experiments like ACT, SPT or APEX would contribute
with more accurate kSZ estimates. Furthermore, future Bleno
polarization experiments should cover large fraction$efgky
with very high sensitivity, and provide better understaugdof
the E-mode of the CMB polarization. One must remark that the
maximum achievable value of the total\Sis relatively small
(around 5.8), and therefore large sky coverage is required
since most of the signal is arisinglak 10. Along these lines,

we must stress again thatcasmic variance limitedEE power

3 Pan-STARRS’ URL sitéhttp: //pan-starrs.ifa.hawaii.edu/public/
4 DES’s URL sitehttp://www.darkenergysurvey.org/

5 PAU-BAO’s URL sitethttp://www.ice.csic.es/research/PAU/

6 eROSITAs URL sitehttp://www.mpe .mpg.de/projects.html#erosita
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