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Motivation: Why study isocurvature with Planck?

1. An important test of inflationary models.

@ Single field inflation (with one degree of freedom) can produce only the
primordial curvature perturbation, i.e., the adiabatic perturbation, since
exciting isocurvature perturbations requires additional degrees of freedom.

e Therefore a detection of primordial isocurvature perturbations would point to
more complicated models of inflation, such as multi-field inflationary
scenarios which can produce a (possibly correlated) mixture of curvature
and isocurvature perturbations.
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Motivation: Why study isocurvature with Planck?

1. An important test of inflationary models.

@ Single field inflation (with one degree of freedom) can produce only the
primordial curvature perturbation, i.e., the adiabatic perturbation, since
exciting isocurvature perturbations requires additional degrees of freedom.

e Therefore a detection of primordial isocurvature perturbations would point to
more complicated models of inflation, such as multi-field inflationary
scenarios which can produce a (possibly correlated) mixture of curvature
and isocurvature perturbations.

2. Itis important to check the robustness of the adiabaticity assumption
made in most of the (other) Planck analysis.

3. The determination of the “standard” ACDM parameters, Q,h2, Q.h%, 7, 0,
As, ng, (Ho, Q4a, 03), could be significantly affected by an undetected
isocurvature contribution.

o Need to check how allowing for general initial conditions for perturbations
affects the basic results.
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General phenomenological models studied

Flat ACDM model with power law primordial spectra for the adiabatic mode,
for one isocurvature mode at a time, and for their correlation,

 (Prr(k) Pralk)
7’““)—(737;2(@ P?ﬁ(k))’

where Z can be any of the non-singular, i.e., non-decaying isocurvature
modes:

@ CDI (cold dark mater density isocurvature mode).

@ NDI (neutrino density isocurvature mode).

@ NVI (neutrino velocity isocurvature mode).

@ DI (There can also be a baryon density isocurvature mode, which is in_dislinguishab\e from CDI by the CMB observations.
Above, the CDI mode can be regarded to also include baryons as: Ipc‘f]f;f“‘m =Zcpr + (2, /92)Ip1)
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C, from scale-invariant spectra with equal primordial amplitude

. TT angular power

10 v —
I NP
’E\ _______
< 10°
'_
l—u_
) = = = pure ADI
= . pure CDI
10 pure NDI
pure NVI
10" 10° 10°

Multipole (1)

Note the (k/keq) 2, i.€., £~ damping of CDI compared to the other modes, in

particular compared to the adiabatic mode.
= With CMB C{7, the CDI spectral index can never be constrained to much
less than n;s, >~ naq + 2 =~ 3, if the data are almost “adiabatic” at all scales.
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C, from scale-invariant spectra with equal primordial amplitude

EE angular power
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How to parametrize power law primordial spectra?

I(o= 0.050 For each spectrum specify
- - : 2 parameters:
% 208 = n-z ! (ko) — amplitude at the pivot scale kg, P (ko)
o i — spectral index n = dlnP / dlnk + 1
L | L
10° 107 10

WARNING! Cannot be used in MCMC,
if niso OF ncor (Or n;) are free.
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How to parametrize power law primordial spectra?

I(o= 0'950 For each spectrum specify
|
| 2 parameters:
6_\ Slo Q = . .
= zn-7 ! CA) — amplitude at the pivot scale kg, P (ko)
e , — spectral index n = dlnP / dlnk + 1
L | L
= =72 =il
10 10 10 WARNING! Cannot be used in MCMC,
-1
k [Mpc ] if niso OF ncor (OF 1) are free.
k1= 0.002 ' k

. 2|= 0100 £or each spectrum specify
|
|

Pk.) 2 parameters:
| Pk) — amplitude at scale k1, P(k1)
| 2 — amplitude at scale ks, P(k2)
1 1
107 1072 107" From thege the spectral index n
K -1 and amplitude P (k) can be calculated
[Mpc 7] as derived parameters.

Idea presented in 2004 in H. Kurki-Suonio, V. Muhonen, and J. Valiviita, Phys. Rev. D 71, 063005, and used ever since in most of isocurvature studies.

log(P)
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Parametrization of general phenomenological models

In the generally correlated models we have:

@ 4 background parameters (as in the adiabatic ACDM model):
Oh2, Q.h2%, T, 0.
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Parametrization of general phenomenological models

In the generally correlated models we have:

@ 4 background parameters (as in the adiabatic ACDM model):
Qph?, Q.h2, 7, 6.

@ 2 adiabatic perturbation parameters for the power law spectrum Pz (k):
PLY = Prr(k = ki = 0.002Mpce~ ') and
P = Prr(k = ky = 0.100 Mpc ™).
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Parametrization of general phenomenological models

In the generally correlated models we have:

4 background parameters (as in the adiabatic ACDM model):
Oh2, Q.h2%, T, 0.

2 adiabatic perturbation parameters for the power law spectrum Prx (k):

PLk = Prr(k = ki = 0.002Mpc ™) and
PL) = Prr(k = ky = 0.100 Mpc ™).
In addition, 2 extra perturbation parameters for the isocurvature power
law spectrum Pzz(k):
P = Prr(k = ki = 0.002Mpc!) and
P = Prr(k = ky = 0.100 Mpc™1).
And 1 extra parameter for the correlation spectrum Prz(k) = Prr(k):
PYL) = Prz(k = ki = 0.002Mpe 1) .
FOIPNE)

Note that 7»53; = 737(31% x YERRPIL ig 5 derived parameter, so that

1) (1)
PR Prz

nrz = (nrr + nzz)/2, and the primordial correlation fraction

cos A = Prz(k)/+/Prr(k)Pzz(k) is scale independent.
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Generally correlated mixture of primordial adiabatic and Cold dark matter
Density Isocurvature perturbations (CDI), and pure adiabatic model (ADI)
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The polarization results (TT,TE,EE+lowP, red colors) reported here are very preliminary, because we do not yet have confidence that all systematic and
foreground uncertainties have been properly characterized, and the results may therefore be subject to revision. [PRELIMINARY !]
Planck collaboration
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B CDI (TT+lowP)  — ADI (TT+lowP)
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I CDI (TT+lowP+Lens) — ADI (TT+lowP-+Lens)
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BEE CDI (TT,TEEE+lowP)  — ADI (TT,TEEE-+lowP)
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Curvature pert. power at k = 0.002 [1010737(217)3]
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Generally correlated mixture of primordial adiabatic and Cold dark matter
Density Isocurvature perturbations (CDI), and pure adiabatic model (ADI)
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The polarization results (TT,TE,EE+lowP, red colors) reported here are very preliminary, because we do not yet have confidence that all systematic and
foreground uncertainties have been properly characterized, and the results may therefore be subject to revision. [PRELIMINARY !]
Planck collaboration
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Generally correlated mixture of primordial adiabatic and Neutrino Density
Isocurvature perturbations (NDI), and pure adiabatic model (ADI)
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foreground uncertainties have been properly characterized, and the results may therefore be subject to revision.
Planck collaboration
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Generally correlated mixture of primordial adiabatic and Neutrino Velocity
Isocurvature perturbations (NVI), and pure adiabatic model (ADI)
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The polarization results (TT,TE,EE+lowP, red colors) reported here are very preliminary, because we do not yet have confidence that all systematic and
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Primordial isocurvature and correlation fraction

Primordial isocurvature fraction Primordial correlation fraction
) _ Pzz(k) A Prz(k)
Biso(k) = BrrirPez® CosA = o ]
=== CDI (TT+lowP) === NDI (TT+lowP) === NVI (TT+lowP)

— CDI(TT,TEEE+lowP) = NDI (TT,TE,EE+lowP) = NVI (TT,TE,EE+lowP)

—0.25 0.00 0.25
Biso(klow) /Biso(khigh) cos A

The polarization results (TT,TE,EE+lowP, solid line styles) reported here are very preliminary, because we do not yet have confidence that all systematic and

foreground uncertainties have been properly characterized, and the results may therefore be subject to revision

[PRELIMINARY!]
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The non-adiabaticity fraction in the observed CMB temperature variance
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The polarization results (TT,TE,EE+lowP, solid line styles) not to be taken too literally yet.

[PRELIMINARY!]
Planck collaboration
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So, no detection of any of the CDI, NDI, or NVI modes.

Planck temperature (and prelim. pol.) angular power spectra are consistent
with pure adiabatic primordial perturbations (within the flat ACDM model).
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So, no detection of any of the CDI, NDI, or NVI modes.

Planck temperature (and prelim. pol.) angular power spectra are consistent
with pure adiabatic primordial perturbations (within the flat ACDM model).

How about the determination of the standard parameters?
Are any of them affected by the assumed initial conditions of perturbations?
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So, no detection of any of the CDI, NDI, or NVI modes.

Planck temperature (and prelim. pol.) angular power spectra are consistent
with pure adiabatic primordial perturbations (within the flat ACDM model).

How about the determination of the standard parameters?
Are any of them affected by the assumed initial conditions of perturbations?

4

Adiabatic spectral index used to be highly degenerate with isocurvature, but not much anymore:
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The results with high-£ polarization data (TT,TE,EE+lowP) are not to be taken too literally yet.

Planck collaboration

Planck 2014 constraints on isocurvature

Primord. correl. fraction (cos A)

[PRELIMINARY!]

Ferrara 3 December 2014 13/20



Robustness of the determination of standard params.

The results with Planck high-¢ temperature data and low-¢
temperature+polarization data:

— CDI(TTHowP)  — NDI(TT+lowP) — NVI(TT+lowP)  --- ADI (TT-+lowP)
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Only in the generally correlated mixed adiabatic and NDI model the posteriors
shift a bit, < 0.20, w.r.t. the pure adiabatic model (ADI, green dashed).
[PRELIMINARY!]
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How about the determination of tensor-to-scalar ratio?

CDI+r (TT+lowP) ~ W CDl+r (TT,TE,EE+lowP)
— ADl4r (TTHowP)  — ADI4r (TT,TE.EE+lowP)

0.20 | B 0.20 B

Primordial tensor-to-scalar ratio (r0.002)
Il

Horizon exit tensor-to-scalar ratio (o.002)
o
=
o
T

: 0.00 —
0.95 0.96 0.97 0.98 0.95 0.96 0.97 0.98
Adiabatic spectral index (nr=) Adiabatic spectral index (nzrr)

The determination of primordial tensor-to-scalar (indeed tensor-to-curvature
perturbation power) ratio, 7 = Piensor/Pr R, IS SUrprisingly robust against
allowing for a generally correlated CDI mode.

Note: the horizon exit tensor-to-curvature perturbation ratio is 7 ~ r/(1 — cos®A),
see, .e.g., Byrnes & Wands (2006). [PRELIMINARY!]
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Special CDI cases with only one extra parameter w.r.t the adiabatic model

Uncorrelated adiabatic and CDI mode (cos A = 0), with nzz = 1, “axion”:

[ uncorrelated CDI (TT+lowP)
B (TT+lowP+Lens)
BN (TT,TEEE+lowP)

0.060 [ T T T T =

0.045

0.030

0.015

Primordial isocurvature fraction [Biso(kmid)]

0.000 . .
0.95 0.96 0.97 0.98 [PRELIMINARY']

Adiabatic spectral index (nzr)
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Special CDI cases with only one extra parameter w.r.t the adiabatic model

100% correlated adiab. and CDI mode 100% anticorrelated adiab. and CDI
(cos A = +1), with nzz = ngr, “curvaton”: (cos A = —1), with nzz = nrr:
[ 100% correlated CDI (TT+lowP) [0 100% anticorrelated CDI (TT+lowP)
B (TT-+lowP+Lens) B (TT+lowP+Lens)
B (TT,TE,EE+lowP) IS (TT,TE,EE+lowP)
0.0032 F T T T T ] T T T

0.008 |- E

0.0024 0.006

0.0016 0.004

0.0008 0.002

Primordial isocurvature fraction (Siso)
Primordial isocurvature fraction (Biso)

0.0000 : . 0.000 . . :
0.95 0.96 0.97 0.98 0.945 0.960 0.975
Adiabatic spectral index (nrr) Adiabatic spectral index (nrr)
[PRELIMINARY!]
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95% C.L. upper bounds/intervals

Model (and data) 100Bis0 (k1) 100Biso(k2)  100cos A 1002299 An  Ax2
General models:
CDI (TT+lowP) <41 <57.5 [27:23] [98.1:101.2] 3 29
CDI (TT+lowP+Lens) <47 <60.4  [28:16] [98.1:101.3] 3 -13
NDI (TT+lowP) <145 <075 [33:05] [98.6:104.0] 3 23
NDI (TT+lowP+Lens) <15.2 <289 [-32:-0.1] [98.7:104.1] 3 27
NVI (TT+lowP) <86 <118  [26:7.7] [97.3:102.4] 3 26
NVI (TT+lowP+Lens) <9.0 <185 [25:7.5] [97.1:102.2] 3 29
General models + 7:
CDI+r=0.1 (TT+lowP) <3.2 <646  [32:24] [98.1:101.4] 3 -53%
CDI+r (TT+lowP) <42 <577  [34:20] [98.0:101.7] 3 -33
Special CDI cases:
uncorrelated (TT+lowP) <3.2 <3.6 0 [98.6 : 100.0] 1 -0.1
(TT+lowP+Lens) <3.9 <43 0 [98.2 : 100.0] 1 0
correlated (TT+lowP) <0.21 <0.21 100 [97.3 : 100.0] 1 0
(TT+lowP+Lens) <0.23 <0.23 100 [97.3 : 99.9] 1 0
anticorr. (TT+lowP) <0.64 <0.64 -100 [100 : 105.1] 1 -1.2
(TT+lowP+Lens) <0.56 <0.56 -100 [100 : 104.6] 1 -0.7
*) = Note that Xi.DH-r:o.l — Xapr = +4.7, 1., X&pr4r—0.1 — Xap1 s ONly -0.6.
k1 = 0.002Mpc?, k = 0.100 Mpc™?
An = number of extra parameters compared to the adiabatic ACDM model.
2 2
AX = Xbest—fit — Xbest—fit corresponding adiabatic model*
az2?® =1~ anon—ad- [PRELIMINARY!]
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Conclusions [PRELIMINARY']

We have studied 3-parameter extensions to the adiabatic ACDM model by
allowing for a (correlated) mixture of adiabatic and one isocurvature mode at a
time (either CDI, NDI, or NVI):

@ No evidence of isocurvature in the Planck high-¢ temperature and low-/¢
temperature and polarization data within Planck’'s accuracy.
@ Adding the high-¢ polarization data leads to much stronger constraints.

e High-¢ TE/EE data pull CDI and NDI toward (slightly) positive correlation,
while (high-¢) TT allow for a larger negative correlation.

But keep in mind: The polarization results reported here are very preliminary, because we do not yet have confidence that all
systematic and foreground uncertainties have been properly characterized, and the results may therefore be subject to revision

@ Determination of the standard cosmological parameters is robust against
the more general initial conditions.

@ In addition, the determination of the primordial tensor-to-scalar ratio from the
Planck data alone is robust against allowing for CDI.

We have studied 1-parameter extensions to the adiabatic ACDM model.
These correspond to axion or curvaton motivated models:

@ With Planck TT+lowP, generally stronger constraints than in 2013.

@ High-¢ polarization data strengthen the constraints significantly, except in the
axion case.
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