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The recently detected polarization of the cosmic microwave backgréGMB) holds the potential for
revealing the physics of inflation and gravitationally mapping the large-scale structure of the universe, if so
called B-mode signals below 10, or tenths of auK, can be reliably detected. We provide a language for
describing systematic effects which distort the observed CMB temperature and polarization fields and so
contaminate thé8 modes. We identify 7 types of effects, described by 11 distortion fields, and show their
association with known instrumental systematics such as common mode and differential gain fluctuations, line
cross-coupling, pointing errors, and differential polarized beam effects. Because of aliasing from the small-
scale structure in the CMB, even uncorrelated fluctuations in these effects can affect the lar@ersodkes
relevant to gravitational waves. Many of these problems are greatly reduced by having an instrumental beam
that resolves the primary anisotropigall width at half maximum<10'). To reach the ultimate goal of an
inflationary energy scale of X810 GeV, polarization distortion fluctuations must be controlled at the
10 2-102 level and temperature leakage to the 4010 2 level depending on the effect. For example,
pointing errors must be controlled to 1.Bms for arcminute scale beams or a percent of the Gaussian beam
width for larger beams; low spatial frequency differential gain fluctuations or line cross-coupling must be
eliminated at the level of 10 rms.

DOI: 10.1103/PhysRevD.67.043004 PACS nunider98.70.Vc

I. INTRODUCTION which are associated with transfer between polarization
states of the incoming radiation, mainly induced by the de-
The recently detected polarization of the cosmic micro-tector systenSec. 1), and those which are associated with
wave backgroundCMB) [1] holds subtle imprints in its pat- the anisotropy of CMB polarization and temperature, mainly
tern that potentially can reveal the physics of the inflationaryinduced by the finite resolution or beam of the telescope
epoch[2,3] and provide a new handle on the dark matter andSec. Il). We evaluate their effect dB-mode science in Sec.
energy in the universgt—6]. This curl pattern, the so-called IV and on polarization statistics in general in the Appendix.
B modes, lies at least an order of magnitude down in ampli-
tude compared with the detected main polarization level, [l. POLARIZATION TRANSFER
which itself is an order of magnitude lower than the tempera- We bedin b iewing the standard t f trix for-
ture anisotropy. Clearly their detection represents a substan- Ve begin by reviewing the standard transter matrix for
. . malism for describing polarization detectors in Sec. Il A and
tial experimental challenge. ilustrate it in d ibing th in simol larim-
Beyond raw sensitivity requirements for instrumepig flustrate 1IS Use in describing the €rrors in simple poarim
much attention has already been given in the literature to twgters n .Sec. I B. The translation to the map domain is dis-
aspects of this challenge: astrophysical foregroufelg. cussed in Sec. Il C.
[8—10]) and the survey mask and pixelizatiéang.[11,12). o
The general requirements imposed on experiments are clear: A. Description
multiple frequency channels and large, contiguous, finely The polarization state of the radiation is described by the
pixelized areas of sky. The requirements on other instrumenntensity matrix(E;E;") whereE is the electric field vector
tal properties have received less attention, in part due to thgnd the angular brackets denote time averaging. As a Her-

lack of a common language to express their effectBon  mijtian matrix, it can be decomposed into the Pauli basis
modes. Such a language must be expressed in the map, not

purely instrument, domain sinc® modes reflect a spatial P= C(EET)

pattern of polarization, not its state. In this paper, we seek to

provide such a connective language and conduct an explor- =01+ Qo3+Uao;+Voy, 1)
atory study of the impact of these systematic effects on the

science ofB modes. where we have chosen the constant of proportionality so that

We divide polarization effects into two categories: thosethe Stokes parameter®(Q,U,V) have units of temperature
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under the assumption of a blackbody spectrum. Note that the T

Stokes parameters are recovered from the matrix as e e
(t1P1/2, . . . tf 0,P]/2). We will assume tha¥=0 on the 1 OMT 2
sky.

The instrumental response to the radiation modifies the
incoming state before detection and is generally described by
a transfer or Jones matrix (e.g.[13]; introduced into the &1 &
CMB context by[14]), where

Eou=JEin- (2 0 o
The polarization matrix is then transformed as % Q S} I Ui I * |
Pour=1J F>in\]1L- 3

FIG. 1. Block diagram for simple polarimeters. The orthomode
With a single transfer system, the incoming polarization carfransducer(OMT) separates two orthogonal linear polarization
be recovered if the transfer matrix of the instrumental re-States with a leakage between the two characterizedebye).

A . . After amplification with gain fluctuationsg( ,g,) the polarization
sponse] is known and invertible, state is detected by one or more of the following techniques: differ-

encing the lines to produd®, correlating the lines to produdd,
correlating the lines with a phase shift= 7/2 to produceV. The

o ~ roles of Q andV may be interchanged by placing a quarter-wave
=" P37 )" (4)  plate at the front end.

We shall see that it is often the case in practice that onl
certain components of the polarization may be recovered.
The errors in the transfer matrix determination will then

I’:\)inzjilpout(jT)il

¥he incoming radiation is split into two, ideally orthogonal,

componentsg; and E, (using, for example an orthomode

transducer or OMT. These components are possibly ampli-

Red and coupled into a detector that measures the polariza-

tion either by differencing or by correlation. Ideally the
A 1/ At y1e  Voe— 2w, transfgr matrix of the components t_hat split an(_j coqple the
J =1+ > 5 , (5) radiation into the detector is proportional to the identity ma-

Yact20c AT Ve trix: Jcl. In reality it contains systematic errors so that
where we parametrized the components with a set of 4, p0§1‘ 1JocJ. Let us parametrize these errors[a$]
sibly complex, numbersa(. , y1c, ¥2¢ , @c)- i
Now let us evaluate the error in the Stokes parameters to 3-13— 1+g; €™ )
first order in the real and imaginary parts of the error param- gze*id’z (1+gz)eia !
eters[e.g. Ref;)=a,Im(a;)=a]:

eral transformation rul€3) with a new transfer matrix

) . . whereg, , are fluctuations in the gain®r, more generally,
S(QxiU)=(Q=xiU)—(Q=xiU) coupling efficienciesof the two lines,« is the phase differ-
) . . ence between the lines, , express the non-orthogonality or
=(axi2w)(QxiU)+(y1£iy2)0®. (6) cross-coupling between the lines, apg, are the phases of
these couplings.

The main eff re a miscalibration of th larization am : . . . . .
e main effects are a miscalibration of the polarization a First consider the simple differencing of the time aver-

litude described by, a rotation of the orientation by an . - . .
gngle w, and a “sh?aring" of the temperature signa}I/ into aged 'T‘tens"y |nlthe two Im_E](flED_(EZE;)' This forms.
polarization described by ¥,7,), which we will call &N estimate of) in a coordinate system attached to the in-
monopole leakage for reasons that will be clear below. NotSt'Ument(e.g.[15]). Under the assumption thah »,€1,@
that the imaginary pieces cancel to first order and do not<1:
appear in Eq.6). Furthermore terms that couple the pair
(Q+iU, Q—iU) arise only at second order for a single Q= (91792)Q~(€,C08h,—€1C08¢h1)U+(91-92)0,
transfer system. This need not be the case with measure- ®
ments through multiple transfer systems. Note that in the . . o
CMB context, monopole leakage fromy{,y,) is particu- so common-mode gain fluctuations act as a normalization

larly dangerous since the isotropic signal is a factor ¢fdi0 err_ora= (9:+0) onQ, the CI’OS.S-COUp|.II’lgS QCt asa ro'Fat|on
more larger than the expected polarization. = (€,C08¢,—€,C08¢,)/2 and differential gain fluctuations
leak temperature into polarizatiopy = (g, —g,). Bolometer

systems can be modeled with this setup, although the means
of separating the two polarization states and the exact mean-

Let us consider a few simple polarimeters that directlying of the parameters may diffédsee[17] for polarization
measure the polarized signal from a single spot on the skgensitive bolometefysFor example, the rotational parameter
(see Fig. 1; for state of the art techniques, see[&&]). Here  can arise from non-orthogonal polarizing filters.

B. Instrumental correspondence
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Now consider a simple correlation polarimeter where thewhere the line matrix is taken from E§7) with the phase
signal in the two lines are correlated @, E3 ) which forms  factors set to zero for simplicity. Then the errors become

an estimate ob) in the instrument basi.g.[15]). Then the _ _ _
errors in the determination become o(Q=xiU)=[(9:1+92) =2iB](Q=iU)

+ U+ (e1+€7)0. (14
oU=(9g1+02)U+(€2C08¢h,— €,C0S¢1)Q
The new feature in this system that was not present in the
+(€1C0S¢; + €,€08¢,)0, 9 simple correlation polarimeter is an asymmetry betw&en
) andU which is first order in the phase errgt More gener-
S0 againa=(g1+9y),®=(€,C0S¢,—€,C0s$)/2 but leak- 5y 5 technique that simultaneously measu@eandU may
age from® into U is given by y,=(€1C0S¢;+€,C0S¢y).  haye separate transfer propertieslibration, rotation, ete.

Instead of differential gain fluctuations, the cross—coupling,[hat appear as a coupling of opposite spin statesU and
between the lines is responsible for the monopole leakage i@—iu We will call such effects spin flip terms

a corr(_alatlon system. . . The Jones matrix formalism can be applied to more com-
_Notice that under the assumption @f<1 and vanishing jicated polarimeters, such as interferomef@@, or other
intrinsic V, the phase errax does not appear to first order. It gy giematics such as the finite emissivity of dish polarimeters
is instructive to consider the case whereis large, saya  1q) |t can also be generalized to polarimeters with effec-
= /2. In this case the correlation polarimeter actually Me&3jyely more than two arms, e.g. multiple bolometers with
suresV not U (see Fig. 1 In general, the phase ermar  arizing filters set at different anglé&1], by expanding
rotatesU into V. , ) the transfer matrix in EQ(3) t0 anNyeector< 2 Matrix and the

A complex correlation polarimeter actually takes advan-gy,yes estimators to be the minimum variance linear combi-
tage of the U,V) rotation to measureQ,U) simultaneously  haion of intensities. In general, the systematic errors in the
(e.9.[18]). Here, circular polarization states are coupled intOyetector system will lead to calibration errors, rotation of
the lines using, for example a quarter wave plate before thgnear polarization, leakage of temperature into polarization,
OMT. This effectively converts) into V in the instrument and coupling between the two spin sta@s iU.
basis. The Jones matrix of the quarter wave plafd 48

C. Map distortions

1 [—cos—i sin 20 (10) Errors in the polarization sensitivity of the detector sys-

Jud9) V2| sin26 cos29—i)’ tem that vary with time will translate into errors in the po-
larization sky maps that vary with position. Map making
where 6 gives the orientation of the plate with respect to thegenerally proceeds by modeling the time ordered data as a
OMT (ideally 9= m/4). After amplification, the signal can be vector of numbersl (e.g.[22]),
coupled into two different correlators, which include differ-
ent phase shifts between the lines. These additional phase d=As+n, (15
shifts can be represented with the transfer function ) , ) i
wheren is the instrumental noise arglis the model of the
signal, say{Q(ny),U(ny), ... ,Q(nnp),U(nnp)} for a sky
) (11 map withn, pixels. HereA is the pointing matrix and in its
simplest incarnation just encodes the sky pixel at which the
) . ) instrument is pointed at the given time. More generally the
For one correlatot is set to zero, yielding an estimatef  inting matrix also encodes the beam and the chopping
while the other correlator hag= /2, providing an estimate  grateqy where different pointings are differenced to remove
of Q. ) o ) systematic offsets. The additional complication for polariza-
Now let us consider the effect of certain imperfections. s, js that the pointing matrix also has to encode the orien-
Consider the actual transfer matrices of the two correlationg,ion of the instrument to transforn®(U) in the instrument
to be basis to the fixed sky. This is an advantage since systematic
errors like the monopole leakage/(,y,) are fixed to the
Ju=Jiine( 91,92, €1,€2) s Tl4+ B), (120  instrument basis and not the sky. For example, a stable leak-
age may be subtracted by changing the orientation by 90°.
More generally, given the statistical properties of the

1 0
Jphasé )= ( 0 e¢

Jo= Iphas 7/2+ ) Jine( 91,92, €1, €2) Jya( w4+ ), noise N=(nn'), the minimum variance map reconstruction
and the assumed transfer matrices to be S
s=[AINA]A!Nd. (16)
Ju=Jy(lh), (13 . _ ,
This weighting of the data vector then also describes the
. transformation of the instrumental systematic errors to errors
Jo=Jphasé m12) Iy a( T14), in the map. In the simplest case of white detector noise, fixed
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instrument orientation, simultaneo@andU detection and sons that will become clear below. The truncation of the
no chopping, the weighting simply averages theseparate local coupling at the dipole level for the polarization and the
pointings for each pixe(see[14] for examples of how in- quadrupole level for the temperature is motivated by the cor-
strument orientation improves Stokes recoyeff the sys- respondence of these effects to known systematic errors.
tematic fields, e.g. the calibration erraft), were uncorre- Higher order terms represent higher order anisotropy in the
lated in time, they would remain so in the map but with apolarized beams. These terms have their form dictated by the
variance that is reduced by, . Low frequency temporal cor- properties of the polarization field under rotation and can be
relations in the systematics will produce correlated noise inncluded in a straightforward manner as necessary for a
the map. This is generally controlled by spatially cross-given instrument.
linking the scang23,24] which in the polarization context
has the additional benefit of providing different instrument
orientations(see[25] for the Planck scan strategyA noise
power of the 1f form will typically lead to spatial correla- Local couplings are primarily due to imperfections in the
tions between white andl1noise[26], wherel is the angular beams. Even a perfectly on-axis, azimuthally symmetric tele-
frequency or multipole momer{see Sec. IV A Note that Scope will not in general produce a completely azimuthally
even a 1/ spectrum gets most of its variance from higind ~ Symmetric and perfectly polarized beam. In general the beam
SO contamination at the pixe| or beam scale will be of parhas a finite elllpt|C|ty along the axis of polarization, and there
ticular interest in Sec. IV. is a “cross-polar” beam which couples to the “wrong” po-
Since the translation between the temporal and map ddarization state(additional asymmetries may appear in off-
mains is conceptually straightforward but highly dependengxis telescopefl5]). Both these imperfections arise because
on the scanning strategy, we parameterize the systematic dhe surface normal to the optics has different orientations

B. Instrumental correspondence

rors directly in the map, with respect to the polarization axis depending on where the
incident radiation strikes the telescodes,2§.
S[Q=xiU](n=[axi2w](N[Q=iU](n)+[f,xif,](n) As an illustrative model of these effects, consider the case

where the receiver on the telescope is a simple differencing
X[QFiUJ(N)+[y1=iy,](N)O(n). (17)  polarimeter. Here the effects of the cross-polar beams are of
second order, and will be ignored. Radiation from the sky is
These correspond to calibration and rotation, spin-flip couthen coupled into one line of the detector through a perfectly
pling and monopole leakage errors as they appear in the mapolarized beam:

_ 2
IIl. LOCAL CONTAMINATION 1 ((”1 b1)

- 1
, _ _ o B(nb.e)= 5 2i—e? ex’{_ﬁ (1+e)?
In the previous section, we dealt with polarization transfer
in a single, perfectly known, direction on the sky. An experi- (n,—by)?
ment necessarily has finite resolution and thus there is an (1-e)2
additional class of contamination associated with the resolu-

tion or beam of the experiment. We will consider here con—Whereb is the offset between the beam center and the de
tamination from a local coupling between the Stokes param-. N ) ) )
ping b ired direction on the skyr is the mean beamwidth, ards

Etee;rsnglvhlch models low order anisotropy in the polarlzedtshe ellipticity [29]. These parameters are different for the

different polarizations, and the difference in the beams enters
into the Q measurement,

, (19

A. Description

Let us consider the local mixing of the polarization and
temperature fields in maps smoothed by the average beam of

the experiment. The rotational properties of the polarization ) ) R
field dictate that the errors will take the form To first order in the sums and differences of the ellipticities

and pointing errors,

B(n;b,,e,) —B(n;b, ,ep). (20)

SQ=iUl(n;o)=0op(n)-V[Q=iU](n;0)

+oldy+id,](N)[d1%1,]109(N; o) op=(ba+bp)/2,

+a2q(n)[d1+13,120(n;o) + -+, obg=(by—by)/2,

(18)
e;=(eytey)/2,
wherep andd are vector(spin-1) fields, andq is a scalar
field. Hereo is the Gaussian width of the beam. These fields
p, d, andq represent sensitivity to structure in the fields on
the scale of the beam. We will call these the pointing error,
dipole leakage and quadrupole leakage respectively for reave obtain

q=(ea—€p)/2, (21)
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ization map(see Sec. IV B It is the instability in these
effects or errors in the subtraction that appear as errors in the
map.

bd'nl

g

Q(ﬁ;a)=f dﬁ’B(ﬁ’)[Q(ﬁ+ﬁ’+ap)+

O(n+n)|, IV. B-MODE CONTAMINATION

q
+ ?(néz—niz)

We study here the implications of polarization transfer
- . . and local contamination on tH& modes of the polarization.
~Q(n;o)+op-VQ(n;o)+aby-VO(N;o) In Sec. IVA, we give the harmonic representation of the
polarization and contamination fields. In Sec. IV B, we com-
pute the contamination to tH& power spectrum from polar-
ization distortion and temperature leakage. We explore the
implications of these effects in Sec. IV C.

+0%q[d2— 3310 (n; o), (22

where the average beaB{n)=B(n;0,0) and we drop sec-
ond derivative terms irQ. A difference in the mean beam- _ _
width of the two beams, not included here, has the same A. Field representation
form as a contribution to the monopole leakage except that The polarization and contamination fields may in general
the filter for the temperature field is the beam difference nope decomposed into harmonics appropriate to their properties
beam and is not simply a low pass filter. It can be included asinder rotation or spin. For small sections of the sky, these
needed in a straightforward fashion. harmonics are simply plane wavi34,35; in the Appendix

A pointing offset in both beams becomes a gradient couwe treat the general all-sky case. We will follow the conven-
pling in polarization and a differential beam ellipticity or tion that a complex fields of spin + s is decomposed as
“squash” becomes a coupling to the temperature quadrupole.
These have a clear correspondence with the local contamina- R
tion model of Eq.(18). A differential pointing offset or [SliiSZ](n):(Il)Sf
“squint” translates into coupling to the temperature dipole.
The exact correspondence with the model is not precise singﬁ
the leakage does not truly behave as a false polarization. F
example under rotation of the instrument by the falseQ

2

(zw)z[satisb]u)eﬂwl, (23

here cosph=I,/l. The complex polarizatiorQ*iU is a
%rpin +2 field and we will follow the conventional nomen-

X X clature that its harmonics are namEd:iB. This property
reverses sign. The model of E38) with d referenced to the requires the calibratiom, rotation w, and quadrupole leak-

sky (not the instrumentdoes transform as polarization and age to be spin-0 fields, the pointipg=ip, and dipole leak-
so should be viewed as the residual dipole sensitivity afteage d.+id. to be +1 fields. the ?‘norfopole leakage
H 1—142 — ’ 1
correction. . +iy, to be =2 fields, and the spin flig,*if, to be +4
Itis Important to note that the systematic errors from thefields For spin+ 1 fields S, is the divergence-free part and
monopole and dipole leakage can be controlled by a rotatlogO i .the curl-fr;e part a
of the mstrumen(see[lA] for specific examples However Under the assumption of statistical isotropy of the fields,
the q_uadrupolar couplmgannot It pehaves precisely as a their two point correlations are defined by th@ross power
polarization under rotation of the instrument. For example, actra
even a circularly symmetric temperature hot spot becomes P
radial pattern of polarization through its local quadrupole
moment.
These leakage terms also appear if the receiver is a cor-

relation polarimeter. In this case, the leakage from temperawhere S,S' are any of the fields. In particular, the CMB

ture to polarization is due to the amplitude and shape of th@olarization |Gs)(§iescr|bed WEZ andCP® and the CMB tem-
cross-polar beam instead of asymmetries in the main beaRrature byC;"™ . Note thatC;"=0 for scalar fluctuations in
[15]. However, because both of these imperfections have Bnear theory. Fpr definiteness, let us take as aﬂduma} model
common origin in the variations in the boundary conditions@ baryon density of2,h?=0.02, cold dark matter density of
at optical surfaces, it turns out that a differencing system or 42ch“=0.128, a cosmological constant 6f,=0.65, reion-
correlation polarimeter will obtain similar leakage terms dueization optical depthr=0.05, an initial amplitude of comov-

to the local effectsafter accounting for the orientation of the ing curvature fluctuations ob,=4.79<10"° ([36] or o
receiver with respect to the opticE27,30. Interferometric ~ =0.92), and a scalar spectral indexof 1 in a spatially flat
polarimeters have related effects on the scale of the primaryniverse. Power spectra for the fiducial model are shown in
beam although some of the implications Brmodes will ~ Fig. 2. Itis the large range in expected signals that makes the
differ since the measured modes are below the beam scaf@ntamination problem foBB so problematic.

[31]. We will calculate the contamination to tleemode polar-

If stable, these effects can be removed given a beam meéation power spectrum assuming no intringianodes and
surement and the true temperature field on the sky using tHgenerally will plot
formalism of anisotropic polarized beaf82,33. Moreover,
as the circularly symmetric hot spot example implies, a
stable quadrupole leakage producesBnmode in the polar-

(S(h*s'(1M)y=(2m)26(1-1")CS (24)

= (25

1(1+1) g\ *?
]
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AL I R il === 2 i for the various effects. Herg=1,1,. These relations imply
n o6 ] contamination to th&B power spectrum of
Q 10! =
= E BB dzll SS ~EE
S 1 5C| :2 (2 )2C|1 C|2 (0-)\A/§WS’1 (30)
= E g. lensing Ss ™
S
L 01E BE where
=+ E > B
=~ C 0. 1
=028 8. waves o, CFE(0)=CFFexd —1(1+1)0] (31)
E ep 3
E 3 N )
C /%gey is the EE power spectrum smoothed over the average beam.
— L | Similarly the change due to temperature leakage can be
i described by
FIG. 2. Scalar CMB power spectra in temperatué&®) and d2|
E-mode polarization EE) compared withB-mode polarization due SB()= f —123(|1)®(|2)Ws(|1.|2), (32
to gravitational lensing and gravitational waves at the maximum (2m)
allowable 2.6<10'® GeV [39] and minimum detectable 3.2 .
X 10 GeV level[40] (see text The cold dark matter model witha With
cosmological constantACDM) shown has parameters given in _
Sec. IV A. W, =sin2(¢, — ¢ ],
in units of uK. The general case is given in the Appendix. _ B
Although the distortion fields need not be statistically iso- Wyb—cos{2(¢|l é)l,
tropic, for illustrative purposes we will take contamination
fields with power spectra of the form Wq, =~ (l20)cog ¢y, + ¢, — 26 ],

C3S%cexg —1(1+1)a?], (26) _
! " Wy, = (1,0)sin 1+ 6~ 241,

i.e. white noise above some coherence seale The nor-

malization constant is set so that .
e ! Wo=—(1,0)%in 2( 1~ )], (33
d?l
Ang (Zﬂ)zclss- (27)  leading to
The set Ag, @) then characterizes the rms and coherence of BB d?l, SS ~006
the contamination field. oCy :S% 2m2zCh O (O)WsWs (34

B. B modes for the power spectrum contaminatigi].

A few limiting cases are worth noting before proceeding
to specific examples. If;>1 as is the case for power in the
contamination field at much smaller scales thanltioé in-

The changes to thB-mode harmonics due to the calibra-
tion, rotation, spin flip and pointing take the form

d?l, terest,l,~I, and ¢~ — ¢,. The geometric factors in Egs.
oB(l)= f (2m)? S(1)E(l)Ws(ly,15), (28) (29 and(33) cause all effects to efficiently produBemodes
except the pointing cugp, where the cross product vanishes.
with 1,=1—1, and In the opposite limitl;<<| thenl,~I| and ¢,~ ¢. Here the
calibration a, pointing terms, and quadrupole leakage are
W= sin 2( ¢,2— )1, geometrically suppressed. The reason is clear from the nature
of the effects: a uniform distortion in any of these quantities
W, =2 co$2(¢|2— o)1, does not produce B mode.
Wpa: o.(|2xfl) . 25ir{2(¢|2_ o)1, C. Scientific impact
CosmologicalB modes come from two main sources:
Wy, = a(l2~Tl)sir{2(¢,2— &1, gravitational waves, also known as tensor perturbations

[2,3], and gravitational lensing of polarization by the large-
scale structure of the univer$é]. Aside from small but in-
teresting effects due to the dark energy, reionization and
B o massive neutrinos, the gravitational lensBignodes can be
Wi, =C0$2(2¢1,— ¢, — b1, (29 predicted given parameters extracted from the CMB tem-

Wi =siN2(2¢, — ¢1,— d1)],
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1- LA SR L | L LA E A | ’ L 1 L2 LR | i LR | * L LA |
(a) Calibration g-lensing 1k (b) Monopole Leakage g-lensing
. 13
0.1F N
) S
N— el
% Y113
0.01} o
/\é\ "
-waves
0 100 1000
l

FIG. 3. Coherence dependenceBsfnode contaminatiofe) for calibrationa with rms A,=10"2; (b) for monopole leakagg, , v, with
A=A, = 1072 added in quadrature. The beam scale is full width at half maxiffEmiHM)=(8 In 2)*20=1" to remove beam effects and
the FWHM coherence (8 In¥fa is stepped from 256to 4’ in factors of 2. Other effects follow the trend of calibration errors, not
monopole leakage. For a coherence large compared with the CMB acoustic Beakséamination picks up their underlying structure. Here
and in the following figures, the gravitational lensing and minimum detectable gravitational Eav8.2x 10'> GeV) B modes are shown
for reference(thick shaded lings The scaling withE; of the peak in theB-mode spectrum is shown on the right hand axis.

perature spectrum. The gravitational lensing prediction in theind so the energy scale to Be<2.6x 10*® GeV [39]. If the
fiducial model is shown in Flgs 2-5 as the shaded tOp ”neenergy scale is less thﬁ‘,< 3.2% 1015 Gev, then even with
gravitational wave spectrum is parameterized by the energyetection of the inflationar® modes cannot be achieved at
scale of inflationE; and its spectrum is nearly scale invari- | —gq (the reionization signature dt<10 in principle can
ant. It predicts &-mode power spectrum amplitude with a g this to 2¢10° GeV at the price of even more stringent

peak atl ~90 of [38] control over systematic$40]). These two extremes are
E. 2 shown in Fig. 2 and are used in Figs. 3-5, to mark the range
ABpeq=0.02 - i uK (35) across which the s_ys_tematlc errors_need to bg controlled. We
10'6 GeVv will take the prediction for the middle of this rangds;(

=10'® GeV) as the minimal level to which a next generation
Under reasonable cosmological assumptions, the prominengmlarization mission must reduce errors. For reference, with
of the acoustic peaks in the CMB temperature anisotropieso systematics or foregrounds the Planck satdUfg can in
constrains the amplitude of the gravitational wave spectrunprinciple achieve a & bound ofE;=1.1x 10'® GeV [36].

(a) Pointing g-lensing (b) Quadrupole Leakage g-lensing

' [ 'K
0.1} -
—~ F S
ﬁz ]
3 2
0.01F &y
{03

FIG. 4. Beam dependence Bfmode contamination fofa) pointing with a rmsAp =Ap = 102 (in units of the Gaussian beamwidth
added in quadrature)) quadrupole leakage with a rm#,=0.002 (in units of differential beam ellipticity The coherencer is set to
maxo,10/(8 In 2)V?] and the beam is stepped from 128 2’ in factors of 2.
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— TT——T— T T———— ) -
F (a) Polarization Distortion g-lensing 1 (b) Temperature Leakage g-lensing
: == calibration (a) [ monopole (Ya, Vb) 13
rotation () = dipole (dg, dp)
_O1f pointing (pa,ps) 3 quadrupole () s
% f — fipGafy ! 3
s 112
0.01} o
{103

FIG. 5. All effects for a beam and coherence of FWHKB In 2)Y?0=10'. (a) Polarization distortion for a rms oA=10"2 from
calibrationa, rotationw (0.6° rms), pointing p,,py,) (2.5' rms), and spin flip{,,f,). (b) Temperature leakage for a rmsAE 102 from
monopole ,,7,), dipole d,,dy) and quadrupoléq) terms. The b” component of each effect is shown with dashed lines.

Given that the inflationanB modes peak at~90, one coherence(see Fig. 4. Pointing problems must be con-
might naively assume that only contamination fields withstrained to better than the larger of 0of the Gaussian
coherence corresponding to degree scales would be probletneamwidth or 15 absolute rms foE;<10'°® GeV and must
atic. However because Eq&8) and (32) represent mode reach 102 of the beamwidth or 1/5absolute to be safely
coupling, this expectation is incorrect. The problem is thatirrelevant. These are demanding requirements for balloon-
the intrinsic power in the CMB polarization fields as well as based experiments where pendulation has in the past caused
the temperature gradient and second derivative fields peak grointing errors that are a sizable fraction of the beam.
the scale associated with the diffusion scale at recombina- The quadrupole leakage provides a more extreme ex-
tion, now observationally determined to be 10° or 10 by ~ ample. Contamination for a fixed rms differential ellipticity
the CBI experimenf42]. In Fig. 3a, we show the effect of a strongly increases with increasing beam and so a bedi
calibration error with the same rm&s, =102 but different FWHM greatly reduces the contamination. The dipole leak-
coherence scalesa,. For coherence scales above age liesin between these two cases in sensitivity to the beam
(8In2)"2a,=10', the contamination actually increases asscale. In Fig. 5 we show all of the effects, for a choice of
the coherence scale decreases. For most effects, the conbeam and coherence of FWHMLO' and a rms of 102 for
ence scale that gives the maximum total contamination is thpolarization distortions and 18 for temperature leakage.
larger of the beam scale andl0’. The mathematical reason It is useful to have an approximate scaling for the rms
is that the mode coupling sets1;+1, which forms a tri- amplitude of the systematic needed to make the contamina-
angle with sidesl(l,,l,). For CMB power at,>| contami- tion on the same levedht|=90) as a given target inflation-
nation power at;~1, causes most of the leakage by forming

a fl_?rt]tened trla_mgl_e. h le leak hich tak coherence of the beam scateand 2°.Cg represents the minimum
e exception Is the monopole leakage w 'C, takes POWEL g required to not exceed a signalfat= 10'® GeV; the ultimate
out of the CMB temperature power spectrum itself, not de'Iimit of 3.2x10 GeV would require an order of magnitude

rivative power spectra which are weighted by factord.of ¢qier rms.
Here the most damaging coherence scale is associated with

TABLE I. Scaling parameters for contamination effects with a

the first peak in the CMB ak~200 (seg Fig. 2 which i; Type Cs (o) ps (o) Cs (2°) ps (2°)
dangerously close to tHe- 100 scale of interest for gravita-
tional waves. Figure 3b illustrates this problem and showg-alibrationa 0.060 -03 0.049 0.0
that degree scale fluctuations in monopole leakage from lovRotationw 0.015 -03 0.011 0.0
frequency effects must be controlled to substantially bettePointingp, 0.75 -13 0.53 —-10
than 10 ® rms for E;<10' GeV. Pointing p, 0.098 -0.7 0.57 -1.0
Pointing, dipole and quadrupole leakage errors are exFlip f, 0.061 -0.3 0.046 0.0
pressed in terms of fractions of the beam and hence caRlip f, 0.059 -0.3 0.045 0.0
depend strongly on the beam scale. The contaminatidn atMonopoley, 0.0023 -0.9 0.0006 0.0
~90 from pointing errors of a fixed fraction of the beam Monopoley, 0.0019 -0.9 0.0005 0.0
holds roughly constant for beam sizes above a FWHMDipole d, 0.0077 -13 0.0053 -1.0
~10'. At this point most of the structure in the underlying Dipole d, 0.0077 -1.3 0.0056 -1.0
CMB fields becomes resolved and the contamination dequadrupoleg 0.0124 ~-15 0.0394 ~-20

pends on the absolute pointing error relative to the CMB 10
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ary energy scale. Let us approximate the rms as a power lawas highly stable. It also had rotational uncertainties at the
in the FWHM of the beam: percent leve[31]. The PIQUE instrument had a monopole
leakage at under the percent level and a dipole leakage at less
than 2.59443]. The polarization sensitive bolometers for the
(36) upcoming Boomerang experimeiii7] and planned for
Planck have monopole leakage at the percent level but are
claimed to be very stable.

This exploratory study of polarization effects should help
to provide some rough guidance on the long road ahead to-
ward the ultimate goal of detecting the gravitational waves
from inflation.

2 Ps

FWHM
10

E;
10'6 GeV

As=Csg

In Table I, we give the coefficientS8g andpg for two choices
of the coherence scalers=o¢ and (8 In2}2ag=2°. The
beam dependence is calculated locally around a@d
should not be used to extrapolate results far from this.
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position on the sky or multipole moment. These errors are
associated with calibration, rotation, pointiig), spin flip

(2), monopole leakage?), dipole leakagé2) and quadrupole The flat sky expansion in Eq23) may be generalized by
leakage. The three temperature leakage effects are named f@composing the fields 44]

the type of temperature fluctuation across the beam scale that

they respond to and are especially dangerous due to the ex- . - . . -

tremely low level of polarization expected in tlBzmodes. [Sli'sz](”):(')s%: [Sa£iSplim =sYim(N),
Monopole leakage generally arises in the receiver; dipole

and quadrupole leakage are associated with asymmetries where .Y, is the spins spherical harmoni¢44].

the beam. Monopole and dipole leakage can be controlled by The corrections to th& andB harmonics of the polariza-
rotation of the instrument; quadrupole leakage cannot. tion from the distortion fields can be generally expressed as

We have illustrated these problems by modelling the fluc-
tuations in these contamination fields with a rms amplitude __ . (21+1)(21,+1)(21,+1)
and coherence. In it 0 ici MNip=(-1)"> > \/

. In general, it mot sufficient to control the Im iy (s 4o
fluctuations in the field on the degree scales of interest for
gravitational waveB modes. Because all of these effects | T P
transfer power from the CMB fluctuations themselves, the -m m m,
most dangerous fluctuations are those that are on the same
scale as most of the power in the CMB fields. For all but the (A1)
monopole leakage effect, which can draw power out of the{/\/herex*=
first acoustic peak, the underlying power lies at the diffusion -
damping scale of~10® or ~10'. Unless the beam resolves 1
this scale, even uncorrelated white noise fluctuations in the €ap, = E[li(—l)'*'l*'Z],
fields can substantially contaminate low multipolesBin

The interplay between the beam scale antl déherence 1
scale of the CMB fields plays an especially important role in e, 0. =515 (~ 1)tz
pointing, dipole leakage and quadrupole leakage. These e 2
problems couple local derivatives of the CMB fields into
false polarization signals. They can largely be eliminated if ef = ii[li(_l)lﬂlﬂz],
the beam is sufficiently small so that the CMB fields are a 2
smooth across the beam scale. Small beams are also desir-
able for constructing weak lensing mass maps from the
B-mode polarizatiof6].

Based on the systematic errors of the current generation
of experiments, these problems should be challenging but neglects out even and odd sums of thee The factorag =1
insurmountable. The DASI instrument had percent levefor Sea,w,p,,pp, and ==*1 for Se f,,f, and adjusts the
monopole leakage which was stable at the fractional percentlative sign.
level and quadrupole leakage also at the percent level which The specific linear source terms are

APPENDIX: GENERAL TREATMENT

+ Ny E -+
)SllmlLSaS(eSX|2m2+eSXI2m2)v

E, X =iB andSea,w,p,,Py.fa.fp and

ei:+3[1:(—1)'+'1+'z] (A2)
fy ) ,
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i [ P ing errors appear as a monopole calibration error. Since these
L,=— 5"‘”: 2 0 2 terms do not transfer power iBE to BB, they are not rel-
evant for the discussion in the main paper.
1 Lo Temperature leakage terms may similarly be described in
— | _ ro02 their effect onE andiB:
Lp,= 2[ (I2+2)(1, 1)( P 1)
21+1)(21,+1)(21,+1
Lo, SXE —(— 1) \/( )(214 )( )
+V(2=2)(12+3) —2 -1 13/ 1m1 2m2
I [P P 5 e . (A5)
—j I PR X m, @1 m,esls, A5
_ — —-m n]l m 171 272
Lo, 5 [\/(I2+2)(I2 1)(_2 11 2
| | for Se ya,vp,d2,dp,9
1 2
—V(1,=2)(1,+3) ”, 1
-2 -1 3 e;a,db,q:E[li(_l)l+ll+|2]i
L, =il ( 'k |2> (A3)
f,= b= : * x
a b -2 4 =2 e;b’da:§[1+(_1)l+|1+|2], (AG)
Under the assumption of statistical isotropy of the distor-
tion fields, the perturbation to the power spectra are given b@"
21,+1)(20,+1 L, =—iL ok
+ + =- =
scrE= 20 ceey 5 GLE DLt D) w w2 2 o)
N 1,88 4m
_ PP
xCP¥adag[CfFedeg +CPleseg ILsLy Lo, =iLa,=\la(l+Do| _, 1), (A7)
a 21, +1)(21,+1 (1+2)! [ P P
5C|BB 00 C Z ( 1 ( 2 ) Lq: _ ﬁO’Z .
Jax ! 11,88 41 (1-2)! -2 2 0
><C|Sgas asr[C| es eS,+CBBege;r,]L§LS, , The perturbations to the power spectra are given by
(21,+1)(21,+1)
EE_ SS’ 00 +
20 (21, +1)(20,+1) 5Cff= X 2 cP%elelLiLs
EB_ £700 ~EE_ ~BB 1 2 s T
5C| (CEE-CPB)+ > 1155
va4m 1,58 4m
(21;+1)(21,+1)
BB_ SS ~006
><Cﬁgagas,[CEEeges,+CFZBege;,](—i)L’gLS,, oG Ess ype Ci”Cp eseglsls,
(A4) (A8)
where we have allowed for the possibility of a monopole - gg_ 3 (2, +1)(21,+1) SS'C()() .
term in the calibratiora and rotationw. Such terms often ' _| g A =y eseg(—1)
arise from second order terms in an expansion and come 12
about through the variance of a distortion field across the XLELg .

sky. They must be kept since the net change to the power

spectrum is itself second order, and they often cancel th&his completes the general description of the polarization
linear effects. For example, second order terms in the pointeontamination from the class of map distortions considered.
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