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DARK MATTER PROPERTIES IN GALAXY US750

Abstract. We investigate the properties of dark matter (DM) distribution in spiral galaxy U5750, employing the
well known and widely used phenomenological density profiles such as pseudo-isothermal, Burkert, Navarro-Frenk-
White, Einasto, Moore and exponential sphere. For simplicity we assume that DM distribution is spherically
symmetric without accounting for the complex internal structure of the galaxy. We fit the rotation curve
observational data of galaxy U5750 for each profile. We infer the model free parameters and estimate the total DM
mass, and compare them with those reported in the literature. To discriminate the best fit profile among the
considered ones, we make use of the Bayesian Information Criterion (BIC). On the basis of the performed statistical
analysis, we provide physical interpretations for choosing certain profiles. In addition, by assuming that DM
possesses non-zero pressure, we solve the Newtonian hydrostatic equilibrium equation and construct the pressure
profiles as a functionof the radial coordinate for each above mentioned profile. Combining the density profiles with
the pressure profiles we obtain equations of state for the DM in the considered galaxy. Further, we calculate the
speed of soundin the DM medium and show that it behaves not unequivocally for the adopted profiles, though it
decreaseswith an increasing DM density. Finally, we calculate the refracting index and discuss about astrophysical
implications of the obtained results.

Keywords: dark matter, rotation curves, equation of state, the speed of sound, the refractive index.

I. Introduction

At the beginning of the last century astronomers discovered that some stars and galaxies behave
differently thant heory predicted. The rotation of more distant parts of galaxies did not obey the laws of
celestial mechanics. This marked the beginning of a new era to search for DM. The modern epoch of the
dark (latent) mass concept began at the end of the last century in connection with the need to explain the
kinematics of gas in massive galaxies, i.e. extended rotation curves (RCs) of the gaseous component that
did not decrease with increasing distance even outside the stellar disk of galaxies [1,2]. The need to
introduce additional mass also arose when simulating themass distribution in elliptical and dwarf
spheroidal galaxies, where disks were missing.

The problem of DM is one of the fundamental and yet unsolved problems in modern astrophysics and
cosmology. Unlike ordinary visible/baryonic matter, DM does not participate in electromagnetic
interactions, but manifests itself only through gravity (and possibly via weak interaction as well) and
therefore is inaccessible to direct observations. It is believed that at present accounts for about 26.8 % of
the total mass of all forms of matter in the Universe [3]. The true nature of DM still needs to be
understood. It is assumed that DM consists of some experimentally undiscovered particles [4, 5]. They
cannot be baryons, since in that case the cosmic microwave background and the large-scale structure of
the Universe would be radically different. Nevertheless, up to date, a huge amount of information has been
obtained, which allows one to judge about the distribution of DM and its role in the Universe. The number
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of scientific works related to the problem of DM is steadily growing from year to year, which reflects a
noticeable interest in this intriguing and at the same time fascinating topic [6—8].

In this paper we investigate the observational properties of DM in the spiral galaxy U5750, exploiting
various phenomenological density profiles. By analysing the RC data points we infer all the model
parameters. We suppose that the DM equation of state (EoS) in a particular galaxy, by default, must not
depend upon the density profiles. Hence we intend to check whether this assumption is valid or not.
Therefore we involve the Newtonian gravity for simplicity and solve the hydrostatic equilibrium equation
to get the pressure profiles. By expressing the pressure in terms of the density for each individual model
one derives the EoS of DM in the spiral galaxy U5750. Thus, the main objective of this work is to test
whether the DM EoS depends on the adopted density profile or not. In addition we calculate the speed of
sound and refractive index in the DM medium [9] as these features of DM can be crucial in structure
formations and gravitational lensing effects.

The paper is organized as follows. In section I, we review the main density profiles which are used to
study DM distribution in galaxies. In section III we describe methods involved in the paper to perform
best fit analyses and derive EoS of DM. In section IV the major results of the paper are shown, namely,
the observational data of U5750 RC is analysed. The derivation of the EoS of DM in spiral galaxy U5750,
the speed of sound and the refractive index are presented and discussed. In section V our conclusion is
summarized.

I1. Dark matter profiles

The distribution of DM in the halos of galaxies is not uniform, concentrating at their centers and
dropping off to the periphery. The corresponding distribution function of DM or its profile is usually
found by the methods of numerical modeling of the dynamics of stars in galaxies. In this work we have
selected the most famous and commonly applied DM density profiles such as pseudo-isothermal (ISO),
Moore, Burkert, Navarro-Frenk-White (NFW), Einasto and exponential sphere. All, these profiles possess
two model parameters: the DM density at galactic centers or characteristic density p, and the scale radius

1y, apart from the Einasto profile, which has another extra free parameter. In Ref. [10] the model

parameters of the above listed profiles were estimated for some galaxies. Inferring the numerical values of
these parameters is a standard task that can be solved by studying the dynamics of galaxies. Here for our
analyses we involve the following models:

- ISO profile [11]:

_ P
P(O=10 (1)

where & =r/r, is the dimensionless radial coordinate/distance.

- Exponential sphere [12]:

Py (§)=poe 2
- Burkert profile [13]:
Po
P (&) = ——F —— > 3)
3 (1+¢& )(1 + r,’fz)
- NFW profile [14], which is proposed based on cosmological models of halo formation:
P (6 =L, )
(1+¢)
- Moore profile [15]:
pMoo(f):pog_lAlé (l+§)71'84’ (5)
- Einasto profile [16]:
Pun(€) = pyexp| 2n(1-") |, (6)

where « is the Einasto free parameter.
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The dependence of p/p, on r/r, for different DM halo profiles is illustrated in Fig.1 (left panel). At
large distances the density always goes down.

III. Methods

In the RCs of galaxies the rotation (linear) speed v of stars and gas depends on the distance » from
the center to the halo. The RC allows to determine the galaxy’s mass profile as a function of the radial
distance. By equating the centrifugal and gravitational forces acting on a star moving in a circular orbit at
a distance » from the center of the galaxy one finds the circular velocity

u(r):JGMT(r). )

The RCs do not drop off according to Newton’s laws but stay flat near the edge of the galaxies. The
DM mass M (r) in Eq. (7) can be computed by integrating the mass balance formula (see Eq. (10) below)

-
M(r) = J.47zr2p(r)dr, (8)
0
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Figure 1 - Color online. Left panel: different phenomenological DM density profiles. We choose « =1.5 for the Einasto profile.
Right panel: RCs of galaxy U5750 and fits obtained by using the DM profiles considered in this work

where p(r) is the DM density profile taken from Egs. (1) — (6).

In order to search for the best fit parameters of each DM profile, we use the x> function which is
defined as follows

v,i

12:;[07'_02100”’0”’):' , (9)

where v, and o, are the N data points from RC of galaxy U5750 and their corresponding errors,

respectively (see Fig. 1, right panel). The RCs for each DM profiles are described by the U( po,ro,r) ,

given by Eq. (7). We apply the Levenberg-Marquardt method ( This algorithm is an iterative technique
that locates the minimum of a function that is expressed as the sum of squares of nonlinear functions. It
consists in a combination of the Gauss—Newton algorithm and the method of the steepest descent gradient)
[17, 18] to minimize Eq. (9).

To derive an EoS of DM in the considered galaxy we perform computations in the Newtonian gravity
(NG) for simplicity and clarity. So we will proceed with the Newtonian hydrostatic equilibrium equations:

dM(r)
dr

=47rr2p(r), (10)
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dP(r) . GM(r)
dl" - p(l") 1”2 ’ (11)
dq)(r) _ GM(r) (12)
dr r?

where M (r) is the mass profile enclosed inside a sphere of radius 7, P(r) is the pressure profile, G is

the gravitational constant, ® (r) is the internal gravitational potential of the DM distribution.

IV. Results and discussion
In this section we present our main results providing technical details and discussions.

A. Best fit models

By exploiting each DM profile we infer the model free parameters from the fit and construct
theoretical RCs which become flat at large distances. The best fit parameters are listed in table I and
shown in figure 1 (right panel). The »° values are also shown in the last column of table I. For the NFW
profile the parameters are unconstrained and are not listed in Table I. This is in line with the results in
Refs. [19, 20], where the large uncertainties in the NFW parameters have been found. This is mainly
caused by the linear rise of the inner rotation curve. The same is true for the Moore profile, whose fit was
not good.

To compare the 4 profiles of table I, which have different number of parameters and are not nested
into each other, we employ the Bayesian Information Criterion (BIC) (The BIC is a selection criterion

among a finite set of models, conceived to solve the overfitting issue when increasing the number of
parameters in the fitting function) [21]. From the y* definition, the BIC is defined as

BIC=y*+klnN, (13)

where & is the number of model parameters. For example, in the case of the Einasto profile k£ =3, while
for all the other profiles £ =2 . A profile with a minimum BIC value is favored, according to Ref. [22]. As
one can see from Table I for galaxy U5750 the Einasto profile has the minimum BIC, while the ISO
profile has the maximum value.

Table I - Best fit model parameters for galaxy U5750.
For comparison, the mass of the dark matter in this galaxy is 2.9 x 10'° M | according to Ref. [23]

Profiles | p +6 [10°M, [pc’] | nto,[hwe] | Mto, [M ], M | Mro, (M T, m | BC | 7
Burkert 11.73 £ 0.65 7.16 +0.38 (3.54+0.42) x 10" (6.88 + 1.61) x 10° 54 0.70
1SO 10.71 £ 1.00 423 +0.38 (3.85 £ 0.69) x 10" (2.19+0.87) x 10° 61 1.37
Einasto® 2.14+0.10 9.37 +0.20 (3.11£0.23) x 10" (1.24+0.13) x 10" 37 0.13
Exp. sphere 12.50 £ 0.50 5.11+0.19 (3.34+0.32) x 10™ (3.36 £ 0.55) x 10° 49 0.47

“The DM total mass is calculated using the last RC data point in the halo for
The DM total mass is calculated using the scale radius r,
‘For the Einasto profile free parameter o, = 0.73 + 0.05

In figure 1 (right panel) the gray thick points show the observational data points of galaxy U5750 with
the attached error bars. The DM profiles are shown with solid curves: ISO (black), exponential sphere
(red), Einasto (brown) and Burkert (blue), NFW (green), Moore (purple).

B. Equation of state

In order to obtain the formulas of the pressure in NG, the density profiles Egs. (1) - (6) are plugged in
Egs. (10) - (11) and then are integrated to fulfill boundary conditions i.e. at infinity the pressure must be
zero. However, due to the complexity for the Einasto, Moore, NFW and Burkert profiles all computations

—— §4 ——
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are carried out numerically, while for the ISO and exponential sphere profiles the sought expressions can
be derived analytically. As a result, the pressure formulas of the DM halo for the ISO and exponential

sphere profiles in Egs. (1) and (2) are give by, respectively

P(&)=2Grr; p; {%2 - éarctan(f) - arctan((;’)2 } , (14)
P(£)=2Grr; py [ AT[-1.£]-8T[-1,2£] - 4T[0,2£] - ¢ |, (15)

where the gamma function is defined asI'(a,z) = Ie"‘t”"ldt, with a =0,-1

z

Combining Egs. (14) and (15) together with Egs. (1) and (2), we obtain the EoS for the ISO and
exponential sphere, respectively

P(p)=2Grr o} {4{—1,11{&]} - 8F[—1,21n [&ﬂ —4r[o,1n[&ﬂ —p—z} , (16)
p p Pl p

2
Grry p, 8 NP~ VAP0~
P(p) = 0P| 2 \/; arctan NP —4arctan NA P , (17)
2 Lo~ P \/; \/;
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Figure 2 - Color online. Logarithmic density profiles (left panel)
and logarithmic pressure profiles (right panel) of DM in the halo for the profiles listed in table I

In figure 2 we plotted p(r) (left panel) and P(r) (right panel) for galaxy U5750, using Eqgs. (1) —
(6) and (14) — (15). As one can see, the pressure profiles follow the same trend as the density profile. In
figure 3 we plot the equation of state (left panel), obtained from Egs. (16) and (17) for ISO and
exponential sphere profiles and from numerical integrations for the Burkert and Einasto profiles.

It should be noted that for the ISO, exponential sphere and Burkert profiles p, is the central density.
However for the Einasto, NFW and Moore profiles p, is the characteristic density, i.e. the density near
the galactic center can be chosen arbitrarily larger than p, in these models. Thus, as one can see from
figure 3, the behaviour of the EoS is different for each profile. These results are similar to the ones obtain
in Ref. [24].
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Figure 3 - Color online. The equation of state of DM (left panel)
and speed of sound (right panel) in DM for the profiles listed in table I
C. Speed of sound
Perturbations due to DM, in adiabatic regime, can be accounted by means of the speed of sound
opP
cl=—, (18)
op

which can be deduced analytically from Egs. (16) and (17) for the ISO and exponential sphere profiles,

respectively,
4Gnr; 2(,00 - p) - pln(poj - (2 + pln(pon
) P P

¢t = : (19)
98
P
4Gy p, {(po -p)=p(p —p)arctaHL WH
¢ = — r A 0)
Po— P

In figure 3 (right panel) we plot the speed of sound, according to Egs. (19) and (20) for the ISO and
exponential sphere profiles, respectively and from numerical integration for the Burkert and Einasto
profiles. For large densities the speed of sound goes down. This behaviour is utterly opposite of compact
objects, where the speed of sound goes up with increasing density. However, in cosmology if the speed of
sound is less than in its surroundings then this fact allows to form structures as galaxies, i.e. galaxies are

formed inside dark matter halos.

D. Refractive index
It is also interesting to study the refractive index » induced by the DM halo of galaxy U5750. In the

weak field regime it is given by

dr, (21)

(r) I GM (r)
C2r2

In figure 4 we plot the refractive index n as a function of the radial coordinate in the DM distribution

for the above considered profiles in galaxy U5750. As expected, the value of the index is very small in the

halo region. In the core region it grows slowly and becomes constant, slightly larger than in vacuum. So,
the gravitational lensing is quite weak. However, with our current techniques it is possible to measure the

lensing effects with high precision [25].
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Figure 4 - Color online. The refractive index for DM in galaxy U5750 for the profiles listed in table I

V. Conclusion

We analysed the RC of the spiral galaxy U5750 and inferred the free parameters of the considered
profiles with the help of the least square method. We used the well-known DM density profiles in the
literature and, in addition, we considered as an instructive example the exponential sphere profile for
comparison. Unlike other profiels, the exponential sphere profile is usually applied to study the inner parts
of galaxies [12], and here we used it to the halo. Although this model has one of the lowest BIC and good
estimation of the DM total mass, its use in the description of the halo is not physically motivated.

We considered also the NFW and Moore profiles for completeness, though the density profile
diverges as » — 0 causing the cuspy halo problem. Moreover, from the fit the parameters of these two
models were not well constrained in accordance with Refs. [19, 20]. Indeed, we conclude that the two
profiles are not appropriate to study DM EoS.

It turned out that only three profiles, i.e. ISO, Burkert and Einasto profiles, are suitable for the
analysis of the DM equation of state as » — 0, where the density tends to be finite avoiding cusps. Out of
the three profiles, Einasto profile has the miminum BIC number and ISO profile the maximum one. The
same is true for y° values, though the Burkert and ISO profiles values are closer to unity. The difference

in BIC between Einasto (with three free parameters) and ISO (with two free parameters) profiles is
ABIC =24 ; the difference in BIC between Einasto and Burkert (with two free parameters) profiles is
ABIC =17 . These results exhibit a very strong evidence against the ISO and Burkert models. So, we can
conclude that Einasto profile is the most suited profile to study the DM equation of state of the galaxy
Us5750.

Although the behavior of p(r)and P(r) profiles is similar, the equation of state P(p) is not

unique, we expected that it would be model independent. However, our supposition was not confirmed.
This only means that DM problem remains not fully solved and understood. Therefore, one should
propose new ideas, theoretical models and probably some experiments to better comprehend the nature of
DM.

In addition we estimated the speed of sound and showed that it is different among the considered
profiles. Nevertheless, the speed of sound had a tendency to decreases with increasing density for all
profiles. This is a unique feature for DM which plays a key role in the large-scale structure formation.

Furthermore, we calculated the refractive index in the dark matter distribution. It was constant near
the galactic core and was decreasing in the halo region. Its value was slightly larger in the galaxy filled
with DM than in vacuum. This characteristic can be used to measure and explore gravitational lensing
effects.

It would be interesting to study dark matter properties in other galaxies including their complex
structures such as a core, bulge, disk and halo. This will be the issue of future studies.
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US750 TAJIAKTUKACBIHJAFbI KAPAHYbI MATEPUSIHBIH KACHUETTEPI

Annoranus. Kapanrer matepus (KM) maceneci - Ka3ipri acTpouM3MKaHbIH, KOCMOJIOTUSTHBIH JKOHE 3JIEMEHTap
OenmekTep (HU3MKACBIHBIH Ipredii kKoOHE i MICHIUIMEreH MocenenepiniH 0ipi. KM-HbIH OapHOHIBIK MaTepusIaH
albIPMAaIIBUIBIFBI, OJ1 JIEKTPOMAarHUTTIK ©3apa acepiecyre KaTbICIai/bl, TeK TPaBUTALMSIIBIK dCepiIecysiep apKblIbl
Oaifkamaabl (MYMKiH, OJICi3 9cepiiecy apKbUIBI 1a), COHIOBIKTAH OHBI TiKeled OakpuIaylap apKbUIBI TipKey >KOHE
3epTTey MYMKIHIri OCHI KyHTre Aeiin Oonmaii atelp. Kazipri ke3ge KM OneMHIH jKalIbl SHEPreTHKAIBIK YIeCIHIH
26.8% KypaWThIH MaTEpUSHBIH EpeKIIe TYpi. ACTPOHOMUSUIBIK OaKpUIayap KapaHFbl MaTepHs HETI3iHEH rajJakTuka
icmeTTi ipi MacmTaOThl Faphbill OOBEKTUICPIHIH JKOHE OJapAbIH KIIACTEPJICPiHIH aiHaJaChIHAA IIOFBIPIIaHATHIHBIH
Kepceteni. By perTe KapaHFbI MaTepus rarakTuka MaccacslHbIH 90% - Ha JeiiiH KypaiThIH rajqoaaH Typajibl.

Byn sxymeicta U5750 mmbelpmibIkTel TamakTukackiHOa KM tapamysr 3eprreneni. US750 ramakTHKaHBIH
cUMaTTamalapblH 3epITey YIIiH H30TepMUsuIbIK, Bbypkept, HaBappo-®pank-VYaiit, DiiHacTo xoHe Myp CHSKTHI
Oenriyi koHe KeHIHEeH KOJIAaHBUIATHIH THIFBI3BIK MPOQHIIbIEp] KapacThIpbliabsl. COHBIMEH KaTap, CAIbICTBIPY YIIiH
SKCTIIOHEHIMANB! chepaHblH NpoQMli 3epTTeNal. OJeTTe O raJaKTUKAIApAbIH iIKi OeJiKTepiH 3epTrey YIUiH
KOJIIaHbUIaABI, Oipak Makaiaga MbICal peTiHae KenTipinai. ['amakThka AWHAMHKACBIHIAFBI KapaHFbl MaTEePUSHBI
ecerke anry HpIOTOHIBIK XKYBIKTay asChIH/A Aa COTTI JKy3ere achipbliaasl. US750 rasakTHKacs! YIIiH H30TEPMHUSIBIK
npoduis en yiken BIC xoue e ynken y~ kepcerti. HOY sxone Myp mpodunbaepi r — 0 Gomran Kesze, OpTaibIk
THIFBI3IBIK IIeKci3mikre ymMTeuTansl. CoHabIKTan Oyt exi mpoduns KM Kyl TeHIeyiH 3epTreyre kapaMaiiibl, Oipax
YIKEH KaIUBIKTBIKTA OJIap JKas3blK alHaly KUCBIKTapblH Oepeni. Au, BypkeprT, DHHACTO >KOHE H30TEPMHUSIIBIK
npodunpaepi r — 0 kesinge KM kyil TeHumeyin Ttangayra ete Konaiibl. JKorapbima alThuiFaH OapiibIK
npoduibaepaiH itmaae DitHacto npoduii yimia BIC-TiH MOHI MUHUMAJIIBI, a1 H30TEPMIBLIBIK podwis yirid BIC —
TiH MaKCHMAaJIIbI OOJI/IBL.

CoHbIMEH Kartap, THIPOCTaTUKAIBIK Tele-TeHIIK TeHIEYl oHe op NpoMiIb YIIiH paauaiibl KOOpJHHATAHbIH
(yHKUMSICHI peTiHAe KbICHIM MPOQHIIbAepl TYPFbI3bULIbL. KapacThIpbuIblll OTBIpFaH rajaktukaaarbl KM ymriH kyi
TEHJIEY] JIBIHABI )KOHE JIBIOBIC JKBUIIAM/BIFEI €CENTENIH/l. DHHACTO, N30TEPMAJIbIK, BypKepT skoHE SKIOHEHIH A IbI
cdepa mpoduiIbaepiHIEe THIFBI3ABIKTEIH apTYbIMEH IBIOBIC >KbUIIAMIBIFEl a3asATHIHIBIFEI kKepceTinai. Erep oprana
JBIOBIC JKBUIIAM/IBIFBL a3asThIH 00Jica, OHZA 0J1 OJEMHIH ipi MacIITa0Thl KYPBUIBIMIAPHIHBIH KAJIBIITACYBIHA BIKIAN
ereriHi kocMmojoruigad Oenrim. Conpaii-ak, KM-HBIH ynecTipyiHzeri ceiHy Kepcertkimii ecemnrteminmi. CriHYy
KOPCETKIIIl TalaKTHKaHBIH OPTAChIHA JKAKbIHOAFaH CAbIH TYpaKThl OOJATHIHEL, ajl rajo aiiMarblHIA a3asThIH/IBIFbI
kepcerinmi. OHBIH caHIBIK MOHI Bakyymra Kaparanga KM Oap ramaktmkaga kem Oonnmel. Byn cumarramasbt
rpaBUTAlMSIIBIK JHH3aNay 3 QeKTiCiH 3epTTey YIIiH KoJiaHyFa 00Ja bl

Tyiiin ce3mep: KapaHFbl MaTepHsl, alHATY KUCBIKTAPbLKYil TeHIEY1, ABIOBIC KbUIIAM/IBIFbI, CHIHY KOPCETKIIIII.

K.Bomxkaes"***, T.K. Koubic6ae"*”, E.B. Kypmanos?, M. Myuunno"*

'HHJ'[OT, ?Kasaxckuit HarmoHabHbIi Yuusepcuter um. anb-Oapabu, Anmatsl, Kazaxcras;
3ACTp0(bI/I3I/IquKHI‘/'I uHctutyT B.I'. ®ecenkoBa, Anmatsl, Kazaxcran;
4 .
Kadenpa ¢usuku, HazapbaeB Yuausepcuter, Hyp-Cynran, Kazaxcran;
*HUSD, Hanponansras Jlabopatopus ®packaru, ®packaru, Wramus

CBOMCTBA TEMHOM MATEPUH B TAJIAKTHUKE U5750

AnHoTtanus. IIpobrema Temuoit matepun (TM) siBisercs ogHON M3 QyHAaMEHTAIBHBIX U IOKAa HEPEIIEHHBIX
mpobJieM COBPEMEHHON acTpo(M3UKU, KOCMOJIOTHH M (PU3MKH 3JICMEHTAPHBIX YacTHIl. B OTiIHuYuEe OT OOBIYHOIO
BUAUMOTro / GaproHHOTO BeliecTBa, TM He y4acTByeT B 3JIEKTPOMAarHUTHBIX B3aUMOJEHCTBUSIX, HO NIPOSBIISIET ce0s
TOJILKO Yepe3 IpaBHTALMIO (M, BO3MOXHO, TAaKXe uepe3 ciaboe B3aUMOJEHCTBHE) M MOITOMY HENOCTYIHA JUIs
npsMbIX HaOmroneHnit. Cunraercsi, 4To B Hacrosimee BpeMst TM cocraBisier okoio 26,8% ot oOmielt Macchl Bcex
¢opm marepuu Bo BceseHHOI. AcTpoHOMHYECKHE HAOJIOAEHHS MOKa3bIBalOT, 4T0 TM B OCHOBHOM KOHLIEHTPH-
pyeTcst BOKPYT KpyITHOMACIITaOHBIX KOCMUYECKHX OOBEKTOB THIIA TAIAKTHK U MX KJIACTEPOB.

B manHoii pabote umccumemyercs pacmupeneneHue TM B crupanpHO# Tamaktuke US5750. s mccnemoBaHus
XapaKTEPUCTHK JaHHOW T'aJaKTUKH PAaCCMOTPEHBI U3BECTHBIE W IIMPOKO MCHONIb3yeMbIe MPO(HIN INIOTHOCTH, TaKHE
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Kak m3oTepmuueckuii, bypkepra, HaBappo-®penka-Yaiita (HOY), DitHacto 1 Mypa. Kpome Toro, mis cpaBHEHUs
paccMoTpeH MpodWilh SKCIOHEHIHANbHOH cdeprl. OOBMHO OH MpHUMEHSETCS A M3yYeHHs BHYTPEHHHX dacTei
TajlakTHK, HO 37IeCh ObUT IPUBEJICH B KadecTBe NpuMepa. HaxoxaeHne YicieHHoro 3HaYeHUs! MapaMeTpoB npoduis
rajgo TEMHOM MaTepHu MpEeACTaBiIsAeT COOOH ONpeAeNeHHyI0 MpobiieMy, KOTOPYIO, Ha Hall B3IV, MOXKHO PELINTh
MyTEM HCCIECIOBAaHMs IUHAMHUKM TrajnakTuk. IIpm 3ToM yder TeMHOW MaTepunm B IMHAMHUKE TaJaKTHUK yJadyHO
peanusyercsi B pamkax HbroroHoBckoro npubikenus. st ranakruku U5750 nzorepmuueckuid npoduiib mokasai

camblii 6osbiioi Bayesian Information Criterion (BIC) n camsrit 6osbioit ;(2 .Ipodpumm HOY u Mypa pacxonsarcs

npu r — 0, Be3bIBast pobsiemy kacna (the halo problem). [lns uccnenoBanust ypaBHenusi coctosiHust TM atu n1Ba
npoduiIs HEe TMOIXOMIAT, XOTS Ha OOJNBIIMX PACCTOSHUAX OHM JAIOT IUIOCKHE KPUBBIE BpalleHus. A mnpodumm
BypkepTa, OHHACTO U U30TEPMHUUYECKUI JTyUllle BCEro NOAXOMAAT JJIs aHAIU3a ypaBHEHUs cocTosiHud TM npur — 0,
TaK KaK IUIOTHOCTb CTAHOBHUTCS KOHEYHOW. M3 Bcex BbIIE IEpedMClIeHHBIX npoduieit DiHAacTO HMeer
MuHIMaIbHEIH BIC, a m3oTepmuaeckuii npod s MakcumanbHbI BIC.

ITomumo 3TOTO, OBIIO PENIEHO ypaBHEHHE TMIPOCTATHYECKOTO PAaBHOBECHS M MOCTPOEHBI MPOGIIIH JaBICHUS
Kak (QYHKIWA pamualbHOW KOOPIUHATHI Ul Kaxkaoro mpoduis. O0bequHSs NpOoQHIN IIIOTHOCTH € TPOQIUIIMHI
JIaBJIEHMS, TIOJyUEHO ypaBHEeHUe cocTosiHus TM B paccmaTpuBaeMol rajaktuke. Paccunrana ckopocts 3Byka B TM
W TI0Ka3aHa, YTO CKOPOCTh 3ByKa BeAeT ce0sl He oJHo3Ha4yHO. [l npoduei DiiHacTo, BypkepTta, H30TepMU4eCKOro
U OSKCIOHEHIHMAIBHONW c(epbl CKOPOCTh 3ByKa YMEHBINAETCS C YBEIMYCHHWEM IUIOTHOCTH. OTO YHHKAaIbHAs
ocobenHocTh TM, KOTOpast UTpaeT KIOYEBYIO poiib B (POPMUPOBAHUH CTPYKTYpHI. 13 KOCMOJIOTHH M3BECTHO, YTO
€CIIM CKOPOCTb 3BYKa B Cpelle YMEHBLIAETCs, TO OHa CIIOCOOCTBYET OOpa30BaHUIO KPYNMHOMACIITAOHBIX CTPYKTYP
Bcenennoii. Kpome Toro, paccuutan mokasarenb HMPeJIOMIEHHUS B paclpeneneHun TemMHod marepuu. [lokazaTens
MIPEIOMIICHUS! OBIII IOCTOSIHHBIM BOJIM3H raJIAKTHYECKOTO A1pa U yMeHbIaics B obiactu rano. Ero 3Hauenue Obuio
HECKOJIBKO OOJIbIIIE B raJlakTHKE, 3ar0JHeHHOH TM, ueM B BakyyMe. DTy XapaKTepUCTUKY MOXKHO HCIIOJIb30BATh IS
M3MEPEHNUS U U3Y4IeHUs 3PEKTOB IPaBUTANOHHOTO JIMH3UPOBAHUSL.

Ki1roueBble c10Ba: TeMHasi MaTepusi, KpUBBIEC BPAILICHUS, YPABHEHHE COCTOSHUSA, CKOPOCTh 3BYKa, ITOKA3aTellb
TIPEIOMIICHUS
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