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Abstract. Inre-ionizedmodelsthe measuremertf polarizationof CMBR canbeagoodcriterion
to narrav down the parametespacefor cosmologicalmodels. A Vishniac-typeeffect in second
orderpolarizationover arcminutescaleshasbeencalculatedlt hasbeenshavn thatwhile theeffect

is very small (~10~2uK) for CDM models,it canbe significant(~0.3uK) for someisocunature
models.
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1. Introduction

Reionizationof matterin the Universein the post-decouplingera can affect the cosmic
microwave backgroundohotonsthroughscatteringprocessesWhile Comptonscattering
canleadto distortionin spectrunof the CMB photons,Thomsonscatteringcandistortthe
anisotroy aswell aspolarizationof the CMB. Suchdistortionsplay a diagnosticrole in
the studyof the stateof matterafterthe standardlecouplingepoch.Thisin turn canshed
light onthe physicalprocessetakingplacein the Universein the postrecombinatiorera.
Thereare a numberof plausiblephysicalprocesseshat canre-ionizethe mattercon-
tentin the Universein the post-decouplingera. Although at presentoneis not sureasto
preciselywhich arethe physicalprocesseshat actually causede-ionization,one knows
from obsenationsthatthe presentUniversearoundusis in anionizedstate.Theabsence
of ‘Gunn-Petersontips in the spectraof distantquasarsndicatesthatthe Universewas
probablyreionisedat someredshiftz = z, > 5 ([6]). Thevalueof z, is notknown obser
vationally, while differenttheoreticaimodelshave differentpredictionsfor this redshift.
Here,we will discusghenatureof polarizationsignalsgeneratedhy Thomsorscattering
from thisre-ionizedmatterin the Universe.In our modelwe will assumehattheUniverse
underwentstandardecombinationat an epoch7p correspondingo a red-shiftof about
1100. After this epoch the Universewasin anunionizedstatetill anepochrgr whenthe
mattercontentin the Universegot re-ionized. Let us denotethe red-shift of this epoch
by zrr. We assumehat the Universeremainedonizedafter this till the presentepoch.
The CMB photonscomingfrom the surfaceof last scatter(SLS) get Thomsonscattered
by theionizedmatterandhencegeta non-zerodegreeof polarization,muchlik e the way
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thelight raysfrom the morningsunThomsonscatterfrom the electronsin theionosphere
producinga non-zerodegreeof polarizationexceptin thedirectionaroundthesun.Hence,
in there-ionizedUniverse we caneffectively view oursehesto belocatedat the centerof
acosmicionosphereThe sourceof incidentradiationis the CMBR.

The plan of presentations asfollows: We introducethe conceptof optical depthand
discusgherelatedparametecalledthevisibility functionin §2. In §3 we discusghefirst
andsecondrderpolarization.Lastly, in §4 we presentheresultsof numericalestimates,
anddiscussheexpectedpolarizationfrom specificmodels.

2. Optical depth and thevisibility function

Considera distribution of chaiged particles,say electrons,in space. Considera photon
traveling throughit alonga trajectoryl(t). The opticaldepthalonga pathis a measuref
thenumberof scatteringpf the photonasit traverseghepath. It is givenby

K= / ne(Dor dl (1)

C
where C is the pathof the photon.A relatedquantity thevisibility function,g is givenby,
g=rexp™ ", 2)

wherethe dot representslerivative with respecto time. In the cosmologicakontext, the
visibility functionis givenby,

9(7,7') = ne(rYa(r Yoy exp™ J e T ar, ®3)
wherer' is the conformaltime andr is the conformaltime correspondingo the present
epoch. Physicallyg(r, ') dr' measureshe probability that the photonreceved by the
obsenrerattheepochr gotscatteredor thelasttime betweenr’ and7’ + d7'.

In the caseof modelsin which the Universedid not undego a phaseof re-ionization
in the postrecombinatiorera, g(7,7') hasa singlesharppeakat 7' = 7p. In the case
of reionization thevisibility functiongetsanadditionalpeakat the epochof reionization.
This peakis smallerthanthefirst andits width is larger. We modelthe secondpeakasa
Lorentziangivenby

1 _¢'-mrp

g(r,7) = N;e = O0(t' — TRrI). 4)

3. Polarization from re-ionization

The equationgoverningthe evolution of polarizationperturbationA p(x, «, 7) for scalar
modescanbederivedfrom the momentsf the Boltzmannequationfor photons.They are
givenby [3]

Ap +7:0;Ap = neora(r) (—AP + %[1 - P (u)]l'[) ) (5)
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Herex is the comoving co-ordinates is conformaltime, n, the electrondensity v the
velocity field of the fluid of chaged particles,y is the direction of photonpropagation,
andthe gradientin the polarizationperturbation.A dot representslerivative with respect
to conformaltime, ;1 = cos(é), whered is the anglebetweerthe directionof the photon
propagatiorvectorandthe gradient.We have alsodefined

H(X,T) :—ATQ(X,T)—APQ(X,T)+Ap0(X,T), (6)

with A7q, A pg themonopoleandArs, A ps thequadrupoléemperaturendpolarization
perturbationstespectiely. We definetheseangularmomentsby

Apr(x,7,7) = 21+ ) P() A, (X, 7);
l

Apiri = / L P Aer (). @)

The polarizationtermson the right handsideof eq. (5) arenegligible. Thusthe domi-
nantsourceterm for the polarizationequationarisesfrom the quadrupoleanisotroy of
temperatureTherequiredequationin realspacefinally turnsoutto be

AP + ’y,'aiAP = —ﬁe(l + 56)UTG(7’)%[1 ) (,U)]ATz- (8)

We had mentionedearlier that anisotropicunpolarizedradiation can through Thom-
sonscatteringproducelinearly polarizedlight. The above equationshows the natureof
anisotropy requiredto producethis effect. Fromsymmetryonecannoticethatisotropicra-
diation cannotproducepolarization.It alsoturnsout thatradiationwith dipole anisotrogy
alsocannotproducepolarization.As we seefrom equation(8), polarizationcanbe caused
by scatteringof radiationwhich hasa quadrupolenisotroyy.

In termsof Fouriermodes the equationgoverningthe evolution of polarizationpertur
bationcanbeexpresseds

Ap + ik p = ~Tzorag (1 = Py(u) [Ar, + S0k, 7)] (9)

whereS(k, 7) is givenby,

3

st = [ [;T‘)Laxk .7 [An (7). (10)

Thetermin the squarebraclets,in eg. (9) depends)nE aswell asr.
Theformal solutionof the polarizationperturbatiorequationis givenby

Ap(k,r) = =31 =Paw) [ [Am () + S0, )
0
xg(r,7)eH (T —T) 4. (11)

We now expressAr, asasumof firstandsecondrderterms.As hasbeenshavnin [2],
the dominantsecondordertemperaturgerm (the Vishniacterm) arisesfrom the coupling
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of thefirst-ordertemperatureanisotroy andthe electrondensityperturbationandhence
thisis the only second-ordetemperaturéermwe consider Sowe have,

Ar =AY + AV, (12)

whereAE‘,,V) is the Vishniacterm. Similarly the polarizationterm canalsobe expresseds
asumof first andsecondorderterms

Ap =AY 4+ AR, (13)

where
1 T ) /
AP k) = =50 =Pa(w) [ [AR 7] alrr)e e e (14)

1 T —
Ag) k,7) = —5(1 — PQ(,u,))/O [A(T’Z)(k771)] g(r, T/)ezkp(‘r T ds!

—3a =Rl [ 180N glr 7N T as)
2 0

In (15)theright handsidecomprise®of two terms.Thefirst onearisesdueto the product
of the Vishniactemperatureéermandthe uniform componenbf the electrondensity The
secondermis alsoa secondrdertermbut arisesbecaus®f the productof thefirst order
temparaturanisotrofy termandthe perturbationsn the electrondensity Thustheorigin
of the seconderm closelyresembleshe origin of the Vishniactemperaturéerm. Hence
we will call this the Vishniactype polarizationterm and denoteit by Ag). It hasbeen
shawn in [4] thatthefirst term on the right handsideof eq. (15) is negligible especially
for small angularscales.Thusthe only secondorder polarizationterm which needto be

considereds Ag)

AY) = ~50=Paw) [ 180 gl e (16)

andAp = AL 4 AQ),

We notethatonly thefirst ordertemperatur@nisotroy is of relevanceto thecalculation
of the first andthe dominantsecondorderpolarizationterm. The quadrupolecomponent
of thefirst ordertemperaturg@erturbatioratanepochr > 7pc canbeexpressedn terms
of Bessefunctionin thefollowing way [5]:

ATz (k7 T) = ATo (ka TO)jQ [k(T - TD)]' (17)

We now discussthe contrikbution of the first orderand the Vishniactype polarization
terms.

3.1First order polarization term

As pointedout, this term arisesbecauseof the coupling of the first order temperature
perturbationsvith the uniform componentf the electronenegy density A semi-analytic
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calculationof this term hasbeendonein ref. [1]. Whenthereis no re-ionization,the

visibility function hasa single peakaroundthe decouplingepoch. This ensureghatthe

Besselfunctionin the integrand (obtainedby substituting(17) in (15)) hasa dominant
contribution for large valuesof k. As pointedout earlierthe visibility function hastwo

peaksin the modelswith re-ionization. One of the peaksis at the samevalueof 7 asin

the caseof the modelswith no re-ionization. The extra peakthatappearsn the casewith

reionizationappearsarounda valueof 7' = 7g;. The secondpeakis generallyof lesser
heightandis alsobroaderthanthefirst one. The neteffectis that, the Besselfunctionin

theintegrandis non-zeroat a smallervalueof k also. Thisis overand-abee contribution

atlarge k asin the casewith no re-ionization.As aresultof all this, in reionizedmodels,
thefirst orderpolarizationhasanextra peakatlargeangularscales.

3.2 Vishniac-type polarization term

This terminvolvesthe productof the first ordertemperaturenisotroly andthe electron
densityperturbationin real space[7]. Hence,in Fourier spacethereis a modecoupling

betweend, andA(TIQ) asis clearfrom the expressiorfor S in (10). Becauseof this mode-

coupling,A%) over onescalecanleadto polarizationperturbationin anentirely different
scaledependingon the form of the electrondensityperturbation. This is in contrastto

the caseof AS) whereits contrikution at a particularscaleis directly relatedto the k-

dependencef A%’. Thusin the caseof A}V), theevolution of §, playsacrucialrole.

We areinterestedn calculatingsecondrderpolarizationover arc-minutescalesThese
correspondo k-valuesof aboutlOMpc—* to 1Mpc~!. For rgr—7p ~ 100 Mpc, ja[p(7'—
7p)] peaksatp = py ~ (300Mpc)~! to (1000 Mpc)~! for 7 > 7p. For k > po,
3. (k — p) ~ & (k) in AY. Usingthisform for &, themodecouplingtermin S in eq. (10),
we get,

S(k, ') = de(k, ) Qa(7"), (18)

where

Qa(') = / (dp/(2m)%) A (p, 7).

(For moredetailsthereaderis referedto [7] andreferencesherein.)

4. Numerical estimate of Vishniac type polarization

In the previous sectionwe have derived the expressiondor the computationof Vishniac
type polarizationperturbations.As we saw, the degreeof secondorderpolarizationover
differentangularscalesdependsn the electrondensityperturbationspectrum.After the
epochof decouplingatared-shiftof about1100, matterandradiationdecoupldrom each
otherand perturbationsn mattergrow freely via gravitational collapse. This is dictated
by the scenariosof structureformation. Whenthe matterin the Universegetsionized,
the spectrunof matterdensityperturbationgranslateso the spectrunof electrondensity
perturbationslt is this spectrunof electrondensityperturbatiorthatgovernsthe Vishniac
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typepolarizationdiscussedh thelastsection.Thus,thepolarizationterm,AY,, dependon
the scenario®f structureformation. Fasterthe growth of densityperturbationsthelarger
thevalueof AY, oversmallangularscales Theelectrondensityperturbationat any epoch
in the postdecouplingerais givenby,

2
T f(Q(z(7)))

Ok, 7) = | — | ek, 10)——F 7, 19

7 () o)™ F@y) )

andthe power spectrunof electrondensityperturbatiorby
k(| de [*)

2 _ e

A = 57 (20)

Here,(72) f(Q(2(7))) is thegrowth factorof densityperturbatiorwith time. Definingthe
Vishniac-typecontribution to the polarizationpower spectrunty

3 -1
Qb = 555 [ UMY 1)

andsubstitutingfrom theabove, we get

A21 (AT
st =155 () - @2)
Here,
ATY? 5CTa (T d3
<T>Q (Trr) = % = 5/ (2:))3 <|AT2(p77'RI)|2)- (23)

As pointedout earlier, differentscenario®f structureformationleadto differenttypes
of polarizationsignals.We will broadlyconsidercold darkmattermodelsandisocunature
models.

4.1 CDM models

In the standardcold dark mattermodels (o = 1, Qpar = 0.05 and h = 0.5),
(Q¥)~2.2x 10~2uK. In A + CDM models(Qy = 0.35, Qpar = 0.04, Q4 = 0.65,

h = 0.7 andthe spectraindex, n = 1), 1/ (Q%)~1.9x10~2uK. The peakof the polariza-

tion signalin thesecasesccurstypically at a multi-pole moment/~5000 corresponding
to anangularscaleof about0.66 arc-minutes.

4.2 |socurvature models

Thesemodelsinvolve a relatively early collapseof densityperturbationleadingto a rel-
atively larger value of §, and hencea larger value of Vishniactype polarization. For
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Qo = 0.2, Qper = 0.05 andh = 0.8 we get4/(QY%) ~0.3uK. The peakoccursatal

valueof about10000 correspondingo anangularscaleof about0.33 arc-minutes.

We seethattheisocunaturemodelsarethe bestcasedor possibledetectionof Vishniac
type polarizationof the CMBR. Futureexperimentscanusethis measuremertb narrov
down the parametespacefor cosmologicamodels.
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