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DIPOLE OF THE LUMINOSITY DISTANCE AS A TEST FOR DARK ENERGY MODELS

The dependence of Hubble parameter on redshift can be determined directly from the dipole of luminosity distance to
Supernovae la. We investigate the possibility of using the data on dipole of the luminosity distance obtained from the
Supernovae la compilations SDSS, Union2.1, JLA and Pantheon to distinguish the dark energy models.
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Introduction. According to the Planck data the dark energy in current epoch is close to the cosmological constant. This
makes it much harder to detect the temporal variation of the dark energy equation of state parameter and to distinguish the
dark energy models. The reliability of w(z) determination will be significantly higher if the dependence H(z) is measured
directly instead of (or along with) the luminosity or angular diameter distances since taking numerical derivatives from the
current observational data leads to the inaccurate results. Recent interest to testing the isotropy of the Supernovae la
magnitude-redshift relation [1, 2] brings attention to the dipole of luminosity distance as a possible direct measure of the
Hubble parameter [3]. In this paper we make an attempt to re-estimate the potential of the luminosity distance dipole to
discriminate the dark energy models using current data on Supernovae la.

Dipole of the luminosity distance. According to [3, 4] the first-order expansion of directional dependence of the
luminosity distance reads:

di(z,n)=dLO(z)+d (" (z)(n-e),

where the monopole is

dL(0)(z)=(1+2)]0zdz"/H(z')
and the dipole is

dL(1)(z)=|v0|(1+2)2/H(z).
The variance of dipole

(AdL(1)(z))2=3(In(10)/5)2Am2(dL(0)(z))2
leads to the following estimate for precision of the H(z) determination [3]:
AH(z)/H(z)=[In(10)31/2/(5|v0|)][dL(0)(z)H(z)/(1+2)2]Am.

Note that, according to [3], the uniform sky coverage by the Supernovae la survey is not necessary for using the
luminosity distance dipole as a cosmological test. The properties of a possible survey designed for such a test are
discussed in [3].

Model and data. As the dark energy model we use the minimally coupled classical scalar field with the equation of state
parameter obtained from the condition ca?=p’se/p"se=const [5]:

w(a) = paelpde = (1 + ca2)(1 + wo)/(1 + wo— (wo— ca2)exp(3(1 + ca?)In(a))) — 1.

We investigate 2 cases: distinguishing between the best-fit quintessential and phantom models with the parameters
obtained from the same dataset (as it was done in [5,6]) and distinguishing the mean model from the model with all
parameters at 10 or 20 confidence limits (in the manner of [7]).

The cosmological parameters and their confidence ranges are obtained by the Monte Carlo Markov chain (MCMC) [8] method
implemented in the CosmoMC code (http://cosmologist.info/cosmomc). We assume the spatial flatness of the Universe.

In the first case we use the best-fit parameters (Table 1) estimated in [5] from the following datasets:

CMB temperature fluctuations and polarization angular power spectra from the 7-year WMAP data (WMAP7)[9-11];
Baryon acoustic oscillations from SDSS DR7 (BAO) [12];

Hubble constant measurements from HST (HST) [13];

Big Bang Nucleosynthesis prior on the baryon abundance (BBN) [14,15];

Supernovae la from SDSS compilation (SN SDSS) [16] (SALT2 [17] and MLCS2k2 [18] light curve fittings).
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Table 1
The best-fit values of cosmological parameters for the models with quintessential (QSF) and phantom (PSF) scalar fields
determined from 2 observational datasets: WMAP7+HST+BBN+BAO+SN SDSS SALT2 (g, p1)
and WMAP7+HST+BBN+BAO+SN SDSS MLCS2k2 (q,, p.) (from [5])

Parameters QSF, SALT2 (g4) PSF, SALT2 (p) QSF, MLCS2k2 (q.) PSF, MLCS2Kk2 (p.)
Qe 0.730 0.723 0.702 0.692
Wo -0.996 -1.043 -0.830 -1.002
o’ —-0.022 -1.120 -0.880 -1.190
10Q,7° 0.226 0.223 0.226 0.223
Qeanh’ 0.110 0.115 0.108 0.119
H, 70.2 70.4 66.3 67.8

In the second case we determine the mean values of cosmological parameters and their confidence ranges (Table 2)
from the combined dataset including:

e CMB TT, TE, EE angular power spectra and lensing from Planck [19];

¢ B-mode polarization for 2 frequency channels from BICEP2/Keck Array (BK) [20];
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e power spectrum of galaxies from WiggleZ Dark Energy Survey [21];

e Supernovae la from JLA compilation [22];
¢ Hubble constant determination [23].

Here we apply flat priors with ranges of values [-2,-0.33] for wo and [-2,0] for cs?, so the dark energy model involves both

quintessence and phantom subclasses.

Table 2

The mean values, 10 and 20 confidence limits for cosmological parameters obtained

from the observational dataset Planck2015+WiggleZ+SN JLA+BK

Parameters

mean * 10t 20

Qe

0.691 -0.012)'0'012 -0.024+O'022

Wo

+0.062 +0.120
-1 -024-0.058 -0.125

c

+0.145 +0.781
-1 -460-0.540 -0.540

10Q,h’

.002 .
0-222-0.0024-O 00 -0.003+0 003

2
Qeanh

+0.001 +0.003
0.1 9-0.001 -0.003

H,

67.9.4 .2”'2 -2.3+2'4

For estimates based on the luminosity distance dipole we use the following Supernovae la compilations:

1. SDSS [16]: 288 SNe (MLCS2k2, SALT?2 light curve fitters): only statistical uncertainties;

2. Union2.1 [24]: 580 SNe (SALT2): both statistical and systematic uncertainties;

3. JLA[22]: 740 SNe (SALT2): both statistical and systematic uncertainties;

4. Pantheon [25]: 1048 SNe (SALT2): both statistical and systematic uncertainties.

We assume vo = 369.0 km/s (from the CMB dipole which is due to the same motion) [26].

Results and discussion. In the left panels of Fig. 1-4 we present the calculated quantities AHmodel(2)/H?(z) and
compare them with the corresponding quantities AH(z)/H?(z) obtained from the luminosity distance dipole using the data
from Supernovae compilations in 16 redshift bins with the width 0.1 (0<z<1.6). In the right panels we estimate the number of
Supernovae that is needed to distinguish between the models from the left panels.

From Fig. 1-4 it is clear that distinguishing between the best-fit models and between the mean model and the model with
all parameters at 10 limits is not realistic at all. The number of Supernovae necessary to distinguish the model with mean
parameters from the model with all parameters at the limits of their 2o confidence ranges is minimal in the first redshift bin
(0<z<0.1). For SN SDSS with MLCS2k2 fitting it is 1998 or 4063, for SN SDSS with SALT2 fitting 2735 or 5563, for SN
Union2.1 4466 or 9083, for SN JLA 5411 or 11006, for SN Pantheon C11 3074 or 6252 and for SN Pantheon G10 3040 or
6183 for the upper or lower limits correspondingly. For higher redshift bins the needed numbers of Supernovae are larger at
least by one order of magnitude.

Conclusion. We have found that despite the major increase in number of Supernovae in available compilations over the
last 12 years the current prospects of using the dipole of luminosity distance for distinguishing the dark energy models are
not bright. This is partly due to the fact that the uncertainties in determination of the cosmological parameters from other
data are now much smaller and the tests for dark energy equation of state parameter should be more precise. Another
reason is that now taken into account systematic errors result in the larger total ones. So, to make the luminosity distance
dipole useful as the cosmological test it is necessary not only to increase largely the number of Supernovae (especially the
low-redshift ones) in a dataset, but also to reduce the uncertainties of distance moduli by improving the light curve fitting
and to control better the systematics.
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Fig. 1. Left: the theoretical relative differences AHoqei(2)/H?(2)=|Hphant(2)-Hquint(2)|/Hquini(z) compared to AH(z)/H?(z)
from Supernovae compilations. Right: the minimal number of Supernovae that is necessary for distinguishing

the models in left panel if the uncertainties of Supernovae magnitudes are the same as in the compilation from legend.

After a comma we quote the data (type of Supernovae light curve fitting) used to estimate

the best-fit parameters for the pair of compared models
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Fig. 2. Left: the theoretical relative differences AH oqei(2)/H?(2)Z|H1(2)0(2)-Hmean(Z)|/Hmean?(2)
(for upper and lower limits) compared to AH(z)/H?(z) from Supernovae compilations. Right: the minimal number
of Supernovae that is necessary for distinguishing the models in left panel if the uncertainties
of Supernovae magnitudes are the same as in the compilation from legend
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Fig. 3. Left: the theoretical relative differences AH o4ei(2)/H?(2)Z|Hphant(2)-Hquint(2)|/Hquini(2) compared to AH(z)/H?(z)
from Supernovae compilations. Right: the minimal number of Supernovae that is necessary
for distinguishing the models in left panel if the uncertainties of Supernovae magnitudes are the same as
in the compilation from legend. After a comma we quote the data (type of Supernovae light curve fitting) used
to estimate the best-fit parameters for the pair of compared models
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Fig. 4. Left: the theoretical relative differences AH oqei(2)/H?(2)Z|H1(2)0(2)-Hmean(Z)|/Hmean?(2)

(for upper and lower limits) compared to AH(z)/H?(z) from Supernovae compilations. Right: the minimal number
of Supernovae that is necessary for distinguishing the models in left panel if the uncertainties

of Supernovae magnitudes are the same as in the compilation from legend
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0. CeprieHko, KaHA. ¢i3.-maT. HayK,
AcTpoHoMiyHa obcepBaTopis
KuviBcbkoro HauioHanbHoro yHiBepcuTeTy iMeHi Tapaca LLleBueHka

OUNOnNb BIACTAHI 3A CBITHICTIO SIK TECT Ans MOAENEN TEMHOI EHEPTI

32i0H0 3 daHuMu KocmiuyHOi o6cepeamopii MnaHKk meMHa eHepzisi @ cy4acHy ernoxy € 6/1u3bkoro 00 KOCMOJI02i4HOT cmaiiol. Lle ycknadHroe eu-
siefIeHHs1 3MiHU Nnapamempa pieHsIHHSI cMaHy meMHOI eHepeii 3 YacoMm i po3pi3HeHHs1 Modeneli meMHoi eHepeil. HadiliHicmb eu3Ha4YeHHs 3anexHo-
cmi w(z) cymmeeo 3pocme, sikujo 6e3nocepedHbO euMipsimu 3anexHicms H(z) 3amicmb (yu pa3om 3) eidcmaHeii 3a ceimHicmio 4u Kymoeum dia-
MempoM, OCKiNbKU pe3y/ibmamu 4ucsioeo20 OughepeHUilo8aHHsI Cy4acHUX criocmepexyeaHux OaHUX € HemoYHuUMu. 3anexHicmb napamempa
a66na 8i0 4ep8oHO20 3MillleHHS MOXXHa 8u3Ha4umu 6e3nocepedHbo 3 dunossi eiocmaHxi 3a ceimHicmio do HadHosux muny la. [poaHanizoeaHo
Monueicmb sukopucmaHHsi 0aHux wyodo dunossi eidcmaHi 3a ceimHicmro, ompumMaHux i3 KoMninayii HadHoeux muny la SDSS, Union2.1, JLA ma
Pantheon, Ans po3pisHeHHs1 Modesieli mMeMHOI eHepeii. YcmaHoes1eHo, w0 MmoYHicmb 8u3Ha4eHHs1 eiocmaHel i Kinbkicmb HaGHOBUX y YuUX KOoMIi-
nayisx Hedocmamyi Ans1 euKopucmaHHs1 3anexHocmi napamempa Fa66na eid 4epeoHO20 3MiujeHHs1, ompumaHoi 6e3nocepedHbo 3 Aumnoss eidc-
maHi 3a ceimHicmio, Onsi po3pi3HeHHs1 Modesiell CKallsiPHO-MOoJIbO80OI MeMHOI eHepail 3 6apompPONHUM Pi8HSIHHAM cmaHy. Ha yepeoHux 3miwjeHHsIX
0<z<0.1, e Yymnueicmb MaKo20 KOCMOJIO2i4HO20 mecmy Halieuwa, KinlbKicmb HaOHO8uX, HeobXxiOHa Onsl 8iOpi3HeHHs1 Moderli i3 cepeOHIMU 3Ha-
4eHHsIMU napamempie eid modesi 3i 3HaYeHHsIMU napamempie Ha Mexax 20 doegipyozo diana3oHy, nepesuulye KinbKicms ycix HaOHo8uX y Halinos-
Hiwili Ha cb0200Hi Komninayii Pantheon He MeHwe HiX y 1.9 pa3a, AKW,0 NOXUbKU € TuWe cMmamucmuYyHUMU, | He MeHwe HiX y 2.9 pa3a 3a Hasi8Ho-
cmi cucmemMamuyHux noxu6ok. [nsi npakmMu4Ho20 euKopucmaHHs 8 MalibymHbomMy OaHux wyo0o durnonsi eiocmaHi 3a ceimHicmio Heo6xiOHO sk
36inbwyeamu Kinbkicmbs HaGHo8UX y eka3aHOMYy Oiana3oHi YepeoHUX 3MiljeHb, Mak i MoKpaujyeamu moy4yHicmb ¢himyeaHHs1 Kpueux 6/IUCKy Hao-
Hoeux muny la ma KOHmMposIb cucmeMamuku.

Knoyoei cnoea: memHa eHepeisi, HaBHoei muny la, kocmonoeziyHi napamempu.

O. CeprueHko, kaHA. us.-maT. HayK,
AcTtpoHOoMuUueckasn obcepBaTopus
KueBckoro HaunoHanbHoro ynusepcureta umeHmn Tapaca LLleBuyeHko

AUNONb PACCTOSAHUA NO CBETUMOCTU KAK TECT ANl MOOENEA TEMHOW 3HEPTUU

CoanacHo aHHbIM KocMu4eckoli o6cepeamopuu lMnaHk meMHasi 3Hepausi 8 CO8PEMeHHYI0 3noxy 61u3ka kK KocMosio2uyeckoli MOCMosiHHOU. 3mo
3ampyOHsiem o6HapyeHue U3MeHeHus1 napamempa ypasHeHUsl COCIMOsIHUSI MeMHOU 3Hepauu co epeMeHeM U pa3nuyusi Mmodesieli meMHoOU 3Hepauu.
HadexxHocmb onpedesieHusi 3a8UCUMOCMU W(Z) CyujecmeeHHO eo3pacmem, ecsiu HernocpedcmeeHHO usmMepums 3asucumocms H(z) emecmo (unu
emMecme c) paccmosiHuli Mo ceemumocmu usiu ya2rii08oMy Auamempy, MOCKOJIbKY pe3yJsibmambl Yuc/ieHHo20 AugbghepeHyuposaHusi co8pPeMeHHbIX
HabnroodaemMbix OaHHbIX SI8JIAFOMCSI HEMOYHbIMU. 3agucuMocmb napamMempa Xa66sa om KpacHO20 CMeu,eHUsi MOXHO ornpedeniumb Harnpsimyro u3
Quronsi paccmosiHUU 10 ceemumMocmu ceepxHoebix muna 1a. lpoaHanusupoeaHa 03MOXHOCMb UCMOSIb308aHUsI OaHHbIX M0 OUIOJII0 PacCMOsIHUSI
o ceemumMoCmu, NMoJsly4YeHHbIX U3 KoMnunsyul ceepxHosbix muna 1a SDSS, Union2.1, JLA u Pantheon, dnsi pasnu4eHusi modesneli meMHOU 3Hepauu.
YcmaHoeneHo, 4Ymo mo4YHocme onpedesieHUsi PacCMOSIHUL U KOSTUYeCmeOo C8epPXHOBbLIX 8 IMUX KOMIUAUUSX HeAocmamoyYHbl 0511 UCMOsIb3068aHusl
3aeucumocmu napamempa Xa665a om KpacHO20 CMeweHus, nosy4eHHol HanpsiMyro u3 OurnoJsisi PaccmMosiHUSI 10 ceemumocmu, Orsi pa3fiudeHust



