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Recently Background Imaging of Cosmic Extragalactic Rrnédion (B2) discovered the relic gravitational waves &v7confi-
dence level. However, the other cosmic microwave backgt¢@MVB) data, for example Planck data released in 2013 (pt&jer

a much smaller amplitude of the primordial gravitationalesspectrum if a power-law spectrum of adiabatic scaldugzations
is assumed in the six-paramete€DM cosmology. In this paper, we explore whether Ww&DM model and the running spectral
index can relax the tension between B2 and other CMB datecifadly we found that a positive running of running of spatt
index is preferred at.To- level from the combination of B2, P13 and WMAP Polarizatiated
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1 Introduction primordial gravitational waves before Planck as follows:
In the early of 2013, Planck (P13) [1] released its data which foooz < 0.12 @
precisely measured the temperature anisotropies of cosmiat 95% CL in ref. [12], whereg ooz iS the tensor-to-scalar ra-
microwave background (CMB), and claimed that it strongly tio at the pivot scal&, = 0.002 Mpc* and a power-law spec-
supports the standard spatially-flat six-param&@bM cos-  trum of the primordial scalar perturbations is also assured
mology with a power-law spectrum of adiabatic scalar per-similar result was reported by Planck combining with WMAP
turbations. Actually the relic gravitational waves couldoa  polarization (WP) data and other highL CMB data, namely
make contributions to the temperature and polarizatiorgpow ; <011 @)
spectra in the CMB [2—6]. Combining Wilkinson Microwave 0002 =+

Anisotropy Probe (WMAP) 9-year data [7] with Baryon at 95% CL in ref. [1]. In this paper, we shall fix the pivot
Acoustic Oscillation (BAO) [8]Ho prior from Hubble Space scale ak, = 0.002 Mpc™.

Telescope (HST) [9] and other highL CMB data, includ-  Considering that the primordial gravitational waves only
ing Atacama Cosmology Telescope (ACT) [10] and Southmake contributions to CMB power spectra at the very large

Pole Telescope (SPT) [11], we obtained the constraint on thécales, we fixed the background parameters as their best-fit
values from Planck, and then run the CosmoMC to determine

*Corresponding author (email: huangqg@itp.ac.cn) the amplitude of adiabatic s_calar perturpatlons, spemtdeb_(
+Recommended by LI Miao (Associate Editor) and the tensor-to-scalar ratio by only using the low-molgp
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Planck TT [1] and WMAP TE (WP) data [7]. We foumd> O the constraints on the cosmological parameters freidint

at more than 68% confidence level with maximum likelihood cosmological models from severaki@irent combinations of

at around ~ 0.2 [13]. Our new result confirmed the previ- datasets respectively. Our results are summarized in Jable
ous one in ref. [14] where WMAP 7-year data were utilized. 1-3.

Recently Background Imaging of Cosmic Extragalactic Po-

larization (B2) [15] discovered the relic gravitational wes 21 wCDM modée

with the tensor-to-scalar ratio . .
Herein we will extend the dark energy model from the cosmo-

r= 0’20f818; ®) logical constant to the dark energy with constant EOS param-

andr = 0 is disfavored at Do~. Using B2 only or the com-  eterw. There are also several tensions between P13 and some
bination of B2, P13 and WP, the il of relic gravitational ~ local cosmological observations, including tHg prior from
waves spectrum is constrained to be around zeronard2 ~ HST [9] and Supernova Legacy Survey (SNLS) samples [23].
is ruled out at more thanssconfidence level in refs. [16,17] For example, P13 prefers a larger matter density today com-
which strongly indicates that inflation [18-20] really hap- pared to SNLS and a smaller Hubble constant compared to
pened in the early universe. the Hy prior from HST. However these two tensions can be

In this paper we hope to get a better understanding abougignificantly relaxed in theCDM model [24] where the dark
the physics in our universe through a more careful investigaenergy is preferred to be phantom-like, namely: —1.16 +
tion of the datasets. Comparing eq. (3) to egs. (1) and (2)0.06 from the combination of PE3VP+BAO+SNLS+HST.
we see that there is a moderately strong tension between B2 Here we also wonder whether the dark energy EOS can
and other CMB data in the base six-paramat@DM-+tensor  help to relax the tension on the tensor-to-scalar ratio eetw
cosmology. If all of these CMB datasets are trustable, itP13 and B2. We constrain the cosmological parameters in the
strongly implies that our Universe is much more complicatedWCDM-+r model by adopting the combinations of RASP
than what we expected before. In order to reconcile the tenand B2+P13+WP, respectively. See results in Table 1 and
sion on constraining the primordial gravitational waves be Figure 1.
tween P13 and B2, we need to go beyondAl@DM-+tensor We find that the constraint anis given by
model. There are severa_ll weII_—motivated extensic_)ns to _the Foo02 < 0.16 (4)
ACDM-+tensor model which might relax such an inconsis-
tency. at 3 confidence level from PHENP. There is still a more

i) More complicated physics in the early universe can bethan 3 tension onr between P18WP and B2 in the
involved. Here we consider that the spectrum of adiabaticVCDM+r model. Therefore relaxing the dark energy model
scalar perturbations departures from a pure power-law form¢annot reconcile the tension erbetween P13 and B2. Be-
and the running of spectral indexrgld Ink) and the running ~ cause of such a tension, some exotic results appear. For ex-
of running (&ns/d Ink2) are taken into account. Or the spatial @mPple, the constraint on the dark energy EOS parameter be-
curvature Q) of our universe deviates from exact flatness. €omesw = —1.54"337in Table 1. A similar constraint ow

ii) We can consider more complicated physics about neufrom B2+P13 isw = —~1.55737 in ref. [25].
trino and relativistic components by relaxing the total safs
active neutrinosY, m,), or the number of relativistic species 2.2 Running spectral index

(Ner). Herein we extend the six-parameter bag€DM+r model

4n|") r']l'hferahbu"ndrﬁn406i otf Il('gzt eIerrf1rents, 1‘rorme>f[a:nMe = to the ACDM+nrurtr and ACDM-+nrur+-nrunruntr mod-
He/Ny for helium-4, is taken as a free parameter. els, respectively, where nrun and nrunrun denote the run-

iv) The dark energy is not a cosmological constant and its_. f i Ink h . f )
equation-of-state (EOS) parameter= pas/pqe is regarded ning of spectral index (uk/d Ink) and the running of running

as a free parameter.
An almost comprehensive investigation has been reportedable 1 Constraints on the cosmological parameters in W&DM-+r
by Lewis in ref. [21] where the combination of B2 and P13 model

was considered. In this paper we will adopt B2, P13 and WCDM<r B2+P13+WP
WP to explore two extensiqns: one is to relax tht_a dark en- parameters Best fit 68% limits
ergy model from cosmological constant to one with a con- Quh? 0.02222 0221099958
stant EOS parametev = pge/pde; the other is to take into Q. 0.1161 01172:8:8853
account the running of spectral index and the running of run- 100c 1.04190 104163000067
. . . . : —0.00068
ning. Here we fix the consistency relation torige= —r/8. . 0.1001 0088800145
' -0.0186
L In(10'°A) 3.200 3186+ 0.034
2 Implications for cosmology from BICEP, N 0.9690 0066900140

-0.0163

r0.002 0.16 016254

. . . -170 -1.54017
In this section we will use the CosmoMC [22] to work out e 032

Planck and WM AP
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Figurel The constraint contours anns andw from the combinations of PX3VP and B2-P13+WP in thewCDM+r model.

(d?ng/d Ink?). In this case the amplitude of scalar perturba-
tion spectrum is parameterized by

k1 dns |2
kp+5 d|nk2|

K
kp

(®)

ne-1+1 s
P9 = A
In ref. [12], the constraint on the tensor-to-scalar ratanf
the combination of WMARACT+SPT+BAO+HST is re-
laxed to be

I0.002 < 0.42

(6)

We see that a blue tilted scalar power spectrurkpyat
0.002 Mpct is preferred at Bo level, and a negative run-
ning of spectral index is favored at around level. Com-
bining with P13, WP and other highL CMB data, B2 implies
dng/dInk = —0.028« 0.009 [15]. In ref. [21], the combi-
nation of B2-P13 gives a constraintnd/dInk = —0.028 +
0.020. In ref. [25], dhs/dInk = —0.0281+ 0.0099 from
B2+P13+BAO+SN. See the analysis in refs. [26,27] as well.
Our results are consistent with all of these previous result

Since a negative running of spectral index is preferred at
high confidence level, we wonder whether the higher order

at 95% CL if the running of spectral index is considered, andterms in the parametrization of scalar perturbation spectr

ro.0o2 < 0.53

(7)

at 95% CL if both the running and running of running are

taken into account. In ref. [1], the constraint on the teriser

scalar ratio is relaxed to be
r0.002 < 0.26

(8)
at 95% CL from the combination of PE3VP+ACT+SPT if

the running of spectral index is considered. We see that the

constraint orr can be significantly loosen to be consistent
with B2 in the model with running spectral index.

First of all, we combine B2 with P13 and WP to constrain
the cosmological parameters in thR€DM+nrurkr cosmol-
ogy. Our results are given in Table 2 and Figure 2.

are required. Here we further extend the previous model to

Table2 Constraints on the cosmological parameters inA®M + nrun
+ tensor model

ACDM-+nrursr B2+P13+WP
parameters Best fit 68% limits
Qph? 0.02229 02246593939
Qch? 0.1187 0117329022
100mc 1.04154 104162299087
T 0.0991 0101128337
In(101°A) 3.117 3098502
Ns 1.0336 1044709255
dns/d Ink -0.0228 -0.0253=+ 0.0093
r0.002 0.18 0227094

—0.07
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Figure2 The constraint contours anns and dng/d Ink from the combinations of PX3VP and B2-P13+WP in theACDM-+nrun+r model.

the ACDM+nrurk-nrunruntr model. The results show up in  2.20- level, a negative running of spectral index is preferred

Table 3 and Figure 3. at 220 level and a positive running of running is preferred at
Compared to the previous model with only the running of 1.70 level once the running of running is considered. Our re-

spectral indexAy? = 985270-985582= —-3.12 whichindi-  sults imply that higher order expansions might be consitlere

cates that this further parameter extension is favored a¢ mo in the future as well.

than 1 level. From Table 3, we see that at the pivot scale

ko = 0.002 Mpc! the spectral indexs > 1 is preferred at 3 Discussion

Table3 Constraints on the cosmological parameters inARE®M + nrun Discovery ofrelic gravitational waves opens a new window to

+ nrunrunctensor model explore cosmology. There are many possible sources for the
relic gravitational waves, such as inflation [18—20] and-cos
ACDM-nrun+nrunruncr B2+P13+WP mic string [28,29]. In this paper we extend thEDM+r cos-
parameters Best fit 68% limits mology towCDM-+r model andACDM-+r model with run-
Quh? 0.02221 002217+ 0.00035 ning spectral index, and find that the tension between B2 and
Qch? 0.1203 01184+ 0.0023 P13 can be reconciled if a running spectral index is takemn int
100vic 1.04145 104142590064 account, but relaxing dark energy model does not work.
T 0.0983 01054739142 Usually inflation model predictgns — 1] < O(107?),
In(10'°A;) 3.047 3063358 |dns/dInk| < O(10°%) and |d?ns/dInk? < O(10°%). Our
Ns 1.1656 11344709532 results imply that the simple canonical single-field slai-r
dns/d Ink -0.139 -0.108'522 inflation models are not compatible with the datasets and the
d2ns/d Ink? 0.045 00335918 physics in the early universe should be much more compli-

ro002 0.22 02473%° cated than what we expect if all of B2, P13 and WP are
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Figure3 The constraint contours anns, dns/d Ink and dns/d Ink? from the combination of B2P13+WP in the ACDM-+nrun+nrunrun-r model.

reliable. After B2 released its data, many researchers havehysics and Lenovo Shenteng 7000 supercomputer in the Supercomputing
investigated inflation models widely. See, for examples.ref Center of the Chinese Academy of Sciences for providing computing re-
[30—40]. However almost all of them only attempted to fit sources. This work was supported by the National Natural Science Foun-
the value of tensor-to-scalar ratio and the spectral intiéx.  dation of China (Grant Nos. 10821504, 11322545, 11335012, 11173021
believe that it is not sficient because the combination of and 11322324), the Project of KIP of the Chinese Academy of Sciences and
B2+P13+WP strongly implies a running spectral index. How the National Basic Research Programof China (Grant No. 2012CB821804).
to naturally achieve a significantly running spectral index

still an open question. As we known, the space-time non-

commutative inflation [41-43] can generate a large negative 1 Planck Collaboration. Planck 2013 results. XVI. Cosmimlalgparam-

running of spectral index. It can also be realized in the infla eters. arXiv:1303.5076 [astro-ph.CO]
9 P ' Grishchuk L P. Amplification of gravitational waves in atrépic uni-

tion with modulations [44—46] as well. Another possibilisy verse. Sov Phys JETP, 1975, 40: 409-415 (Zh Eksp Teor Fiz}, 197
that the Planck data is not reliable. In ref. [47] we combine 67: 825-838)

B2 with WMAP 9-year data and find that the power-law spec- 3 Starobinsky A A. Relict gravitation radiation spectruntlanitial state
trum of scalar perturbation is compatible with B&/MAP, of the universe (in Russian). JETP Lett, 1979, 30: 682-6&51(& Zh
and the power-law inflation and inflation model with inverse ~ Eksp Teor Fiz, 1979,30: 719) _ S
power-law potential can fit the data nicely. In a word, we 4 Rubakov V A, Sazhin MV, Veryaskin A V. Graviton creation fretin-

. L. . . . flationary universe and the grand unification scale. PhysR,et1982,
believe that the realistic inflation model is still unknowmda 115 183'_192 g ye

further investigation is needed in the near future. 5 Crittenden R, Bond J R, Davis R L, et al. The imprint of gratiitnal
waves on the cosmic microwave background. Phys Rev LetB8,109
324-327
6 Krauss L M, Wilczek F. Using cosmology to establish the dation
We acknowledge the use of Planck Legacy Archive, Institute of Theoretical of gravity. Phys Rev D, 2014, 89: 047501
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