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AHHOTanus. B noxnane 06cy>1<)laeTC;{ BbIBOJ TCPMOJNHAMUYCCKUX BCIUYUH I OJIN3KUM

K 9KCTPEMaJIbHBIM YEpPHBIM JIbIpaM ¢ KOCMOJIOIMYECKON MOCTOSIHHOM B JH000M pa3MepHo-
CTH MPOCTPAHCTBA-BPEMEHH OOJIbIIIEH 2.

KiaroueBble cioBa: KocMojiorudyeckasi moctosinaas, merpuka AnC-IIBapimmibsaa, SHTPO-

1A, TCMIICPATypa, SKCTPpCMaAJIbHAS YCPHAA AbIPpa, SHTAJIBIINA

BBenenne. MeTprka paauaabHO-CHMMETPHUYHON YEpHOW IBIPHI (CTATHUECKOTO
pelieHus ypaBHeHHH DHINTENHA) 3a1aeTcs BeIpakeHueM (cm., Harpumep [1])
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XOpOH_IO HU3BCCTHO, 4YTO HGpBBIfI 3daKOH TCPMOJUHAMHWKHN HE3APAKCHHBIX CTa-
THYCCKHUX YCPHBIX IbIPp MMCCT BHUI

SM =588 (2)
27T

f'(r)

n fp=p;

rac M — macca ‘IepHOﬁ ABIPBI, K — IOBCPXHOCTHAA I'paBUTAlUA K =

Paguyc ropusoHTa COOBITHII I BBIYUCIIIETCS KaK HAauOOJIBIIUI KOpPEHb ypaBHe-
aust f(r)=0. S — 3710 sHTpONHS, KOTOpast paBHA YETBEPTH ILTOMAAd A rOpU30HTa

COOBITUI
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Metoabl U MaTepHaibl; pe3yabTarbl. [10710XMM KOCMOJIOTHYECKYIO ITOCTO-
saayi0 A otpunarensHoil. Torma B (3+1)-MepHOM MpoCTpaHCTBE-BpeMEHH IS
merpuku AnC-Isapummnsia [2]
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YepHast 1pIpa Ha3bIBACTCS DKCTPEMATBHOM, €CITH JUIS HEE BBIIOIHSIIOTCS COOT-
womrenust [ (ry) =1'(ry)=0. U3 onpemenenus BUAHO, YTO TeMIepaTypa 3KCTpe-

MaJbHON 4YepHOW AbIppl paBHa Hyr0. s skcTtpemanbHOro pemenus AnC-
MIsapummasga M =bh= L;. Ecim macca HM)KE 3TOro 3Ha4Y€HMs, TO IIPOUCXOIMT

dazosbiii mepexo Xokunra-Ileiimka [2], korna yepHas abipa HecTaOMIbHA U pac-
magaeTcss Ha MpocTpancTBo AHTH-me-Currepa. Metpuka (4) mmeer 0600IIeHME,
Ha3bIBaeMoe 4epHoit apipoit AnC-bapauna [3] ¢ pynknueit f(r), pasnoii
2Mr*
f(r)=1—73 +b—2. (5)
2, +2Y2
(r“+g-)
31ech § — 3apsi MarHUTHOTO MOHOMOJ. MeTpuka (5) mosydaercsi, eciu K Jei-
cTButo ['mnpbepra — DUHIMITEHHA ¢ KOCMOJOTUYECKOW IMOCTOSHHON J00aBHTH
JEUCTBAE HEKOTOPOU HEJIMHEWHOM JJIEKTPOINHAMUKHU.
Eciu y uwepHoii gpipel ¢ A =0 ecth siextpuyeckuii 3apsg Q, Torma
2M (@

f(r) =1-——+ —-. IlepBsIii 3aK0H TepMOANHAMHUKM HPUHAMAET BH]I
r r

M =85 +03Q,
2T

IZ€ (0 — MOTEHIMA YEPHOU JBIPBHI.
Crnyuaii, korma 3apsa paBen macce Q=M , onmceiBaeT 3KkCcTpeMabHyO Yep-
Hyto abIpy. Takas uepHas nwipa siisiercs: BIIC-pemennem B N=2 cyneprpaBura-

MU ¥ TIpU OOJBIIMX I' METPUKA OMUCHIBAET MHOT0OOpa3ue AdS* xS?. Ormernw,
YTO TAK)KE€ aKTUBHO M3y4arOTCsl BPALLAIOLIMECS YEPHBIE AbIPbI, KOTOPBIE TOXKE MO-
T'yT OBITh SKCTPEMaTbHBIMU.

DHEPruio, SHTPOIUIO U MOTEHIHA YePHOH JBIPHI ¢ 3apsgaoM Q MOXKHO Haxo-
IWTh U3 aercTus I o popmynam

ol ol ol 1( ol

B)y Bloo), o ) BlaQ ),

Hampumep, aist SHTpOIUH 3Ta (HOpMyIIa UMEET MPEHUMYIIECTBO 110 CPABHEHHIO
¢ (3) TeM, 9TO OHa IMO3BOJISIET BBIYKMCIISATH KBAHTOBBIC ITONPABKH Y€PE3 CTATUCTHYE-
CKYI0 CyMMy Z

d
S=|1-Bp—|logZ.

B kimaccuueckom npenene Z ~ exp(—1). dusa pemenus HIBapmmnbaa u AnC-

IBapimunsaa (4) BeiBox sHTponmu npuseaeH B [5]. Knaccuueckue Bemmunns (6)
OBbLIN BBEIYMCIICHBI B JIF000# pasMepHocTH B [4].
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Taxoke ObL10 3aMeueHo [6], [7], uTo aus moNHOM aHAIOrMH ¢ TIEPBBIM 3aKOHOM
TEPMOJMHAMUKY B (2) He XBaTaeT caraeMoro ¢ JaBjieHueM. BBUIo ToKa3aHo, 4To,
eclIi Maccy 4epHO# IbIpbl 3aMeHuTh Ha dHTanbnuio H =M + PV, to naBnenue P
MPOITOPLUHUOHAIBHO KOCMOJIOTHYECKOW TOCTOSTHHOM.

3akiouenue. B okiane paccMaTpuBarOTCS TEPMOJMHAMUYECKUE CBOMCTBA
AKCTPEMANIbHBIX, a TaKXKe OJU3KUX K IKCTPEMaTbHBIM YEPHBIM JbIPaM ¢ KOCMOJIO-
TUYCCKON IMOCTOSHHOM. 371eCh MMEIOTCS 3aMeuaTeIbHbIC aHAJIOTHU ¢ Teopueh ¢a-
30BBIX TEpex0J0B U razoMm Ban-nep-Baanbca. Taxke OyaeT oOcy)aaTbCs YepHas
neipa bapauna-ae-Currepa.
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Abstract. We discuss the derivation of thermodynamic quantities for near-extremal black
holes with a cosmological constant in any spacetime dimension greater than 2.
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Introduction. The metric of a radially symmetric black hole (a static solution of
Einstein's equations) is given by
2
ds? =— f(r)dt? + -84 a2, (1)
f(r)
It is well known that the first law of thermodynamics of uncharged static black
holes has the form
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SM =88, (2)
2n

f'(r)

4 |r=ry

radius of the event horizon is calculated as the largest root of the equation

f(r)=0. S is the entropy, which is equal to a quarter of the area A of the event

horizon

. The

where M is the mass of black hole, «is the surface gravityk =

A
S = Z = TCTI_% . (3)
Methods and materials; results. Let us set the cosmological constant A to be
negative. Then in (3+1)-dimensional space-time for the AdS-Schwarzschild metric [2]
oM r?

f(r)zl—T-i-b—z (4:)

in the system of units = c =G =k =1.Here b’ z—%.

A black hole is called extremal if it satisfies the following relations:
f(ry)=1'(rg) =0. From the definition it is clear that the temperature of an ex-

tremal black hole is zero. For the AdS-Schwarzschild extremal solution relation
holds: M =b=ry. If the mass is below this value, then the Hawking-Page phase

transition occurs [2], when the black hole is unstable and decays into an Anti-de-
Sitter space. The metric (4) has a generalization called the AdS-Bardeen black hole
[3] with a function equal to
2Mr?
f(r):l——3+b—2. (5)

(r*+g?)?

Here ¢ is the charge of the magnetic monopole. The metric (5) is obtained if
the action of some nonlinear electrodynamics is added to the Hilbert-Einstein ac-
tion with the cosmological constant.

2
_M Q9

If a black hole ¢ has an electric charge Q, then f(r)= 5
r T

The first law of thermodynamics takes the form
SM =—8S +¢5Q,
2n

where @ is the potential of a black hole.
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The case where the charge is equal to the massQ =M describes an extremal
black hole. Such a black hole is a BPS-solution in N = 2 supergravity and for large

r the metric describes the manifold AdS*xS?. Note that rotating black holes,
which can also be extremal, are also actively studied.

The energy, entropy and potential of a black hole with charge Q can be found
from the action I using the formulas

(3R R E
By Bloo), B Jq ploQ ),

For example, for entropy this formula has an advantage over (3) in that it al-
lows one to calculate quantum corrections through the statistical sum Z

S :(I—BdiB]log Z.

In the classical limitZ ~exp(-I). For the Schwarzschild and AdS-

Schwarzschild solutions (4) the derivation of the entropy is given in [5]. The clas-
sical quantities (6) were calculated in any dimension in [4].

It was also noted [6], [7] that for complete analogy with the first law of ther-
modynamics in (2) the term with pressure is missing. It has been shown that if the
mass of a black hole is replaced by enthalpy H =M + PV, then the pressure P is
proportional to the cosmological constant.

Conclusion. The paper discusses the thermodynamic properties of extreme
and near-extreme black holes with a cosmological constant. There are remarkable
analogies with the theory of phase transitions and the Van der Waals gas. The Bar-
deen-de Sitter black hole will also be discussed.
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