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Abstract

In the first part of this thesis, we study the emission of Hawking radiation (HR) by higher-dimensional
Schwarzschild-de Sitter (SdS) black holes in the context of the large extra dimensions scenario. Fo-
cusing on the emission of a scalar field, both on the brane and in the bulk, that is non-minimally
coupled to gravity, we perform a thorough study of the corresponding greybody factors (GFs), i.e the
transmission probability of the field in a given spacetime. The expressions for the GFs are derived
both analytically and numerically by developing the appropriate numerical code. With our exact
numerical results for the GFs, we then study in depth the HR spectra both in the brane and bulk
channels of emission. Also, the effect of various definitions for the temperature of the SAS spacetime
on the HR spectra is also investigated. The second part of this thesis is dedicated to the search for an
exact analytic 5-dimensional black-hole solution, that is localized close to the brane in the context of
the warped extra dimensions scenario. In the model we study, the line-element is of the Vaidya-type
with a mass that depends on the radial, temporal and extra dimension coordinates. For the bulk
content we consider various scalar field theories with one or multiple scalars, (non-)minimally coupled

to gravity and with general kinetic and general potential terms.
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ITEPIAHVH

H T'evix| Yewplo tne Lyetxdmrac (I'OX) tou Albert Einstein onotelel v axpiBéotepn dewplo
Tou dtardéToupe Yo TN Teptypapy| TNe PBapltnTag. Xta mhaiota tne I'OX, 1 Bapdtnta neprypdpeton
0OC XOPUTUAOOT 6TO Ywedyeovo 1 omola Tpoxaieiton and v mapovciag wdlag. O e€looelg

xivnong yio to PBaputind medlo g, ebvar ot axdrovec:
— 1 2
G,Lw = R,uz/ - 5 Guv R = Kp T,uzl7 (1)

OTOL 070 PLOTEPOS UENOC €YOUUE ToV TavuoTy Tou Einstein, G, xaw 070 8e&l €youue TOV TOVUGTA

opuric-evépyewg T,.

L0YYPOVES UOTPOVOULXES TIUPATTPHOELS UTOONAMYOUY TS TO L0UTAY Uag OLovOEL Lol pdon ETiL-
TAUYUVOPEVNG BlaoTOAAS 1) omtola umopel vor amodovel oty mapousio plag YeTxrc x0oUOhOYIXHC
otadepdc 1 omola emdyel éva emmAéov 6p0  +g,, A 0TO aploTEPS PEROC TV EEICMOEWY TOU

Einstein.

M anéd g mo ouvaprnaoTnée TeoPfAédelc g 'O elvan 1 Umopdn mEQLOYGY GTO Y0EOYEOVO
OOV 1) XouTOAWGT elvon TOGO €vTovn KoTe TinoTe, OUTE TO (B0 TO YOS, Vo YNV Utopel va SLapUyeL
e Baputinrc €AEng. O meployéc auTég EMOUEVKC BEV EXTEUTOUY TITOTE, TaPd LOVO OmOPEOPOLY
OAn xon oxtvofBohior ue amoTtéAeopa var QolvovTon HadpeS Yo €val Maxpvo TopotnenTr, €00 xou 1)

ovouaocto Toug we UehavES oTEéc.

Ou eiotoeic Einstein etvon unepBohixd mohdmhoxeg ediomoeic xan €Tot Yo va Peedel avahutixd
wee oxet3ric Aoom vy To Boputid medlo amouteltan 1 unddeon udnhol Boduold cupueTelag Yia
T0 cbotnua ou pehetolue. To 1916, wohic éva ypdvo uetd Tn dnuocicuon tne 'Y, o Karl
Schwarzschild Yewpdvtog pla oTatiny, ceatpixd GUUUETEIXT Xt apoETIOTY xotavour udlac Perixe

TV TeWTN Abor pueAavhc omic 1) omola Exel To axdlovdo oTtolyeio uxouC:

ds* = g datde” = —h(r)dt* + h(r)~'dr* + r* (d6? + sin 6*d¢*) , h(r) = (1 — —) . (2

Y auT6 To OVUOTNUA CUVTETAYUEVWLY, 0 0pllovToag YEYOVOTWY TN Uelavic omrg Bploxeton otny

OXTVIXY AOCTUOY, T = T, Yo TNV omolol 1) HETEWXY OeV elvon Xxahd oplopévn xadde 1 cuvdETNoN
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e UeTpAc undeviCeton h(rp) = 0. H vonTH ogouplxy) empdvela oxtivag 1 = 715, opilel To
“onuelo ywpelg emoTpon 7, xaddg xavEva PWTEWS cua deV umopel vor exteu@iel ue 1 < xa

VoL TACEL OE évary TopaTNENTr o onolog PeloxeTon poxetd amd Ty Yelovy| o).

H ewdva mou elyope yiar Tig LEAAVES OTES (G TOUS ATOAUTOUS ATOPROPNTES TOU LUUTAVTOS SAhade
ol ot péoa g dexaetiag Tou 1970 otav o Beetavog guoixde  Stephen Hawking amédeile
TS, oV AdPoude UTOPN (BavTnd Qouvoueva TOTE 1) UENAVES OTEEC EXTIEUTIOUY CWUATIOW UE VEQUIXO
pdopa. H depuoxpacta tne uehovic omrg ebvon avdhoyr tng empavelaxhc Bopltntag Tou opllovta

YEYOVOTOVY TNG, EVG 1) oxTVOPBOMA TV HEAUVGY 0TtV ovoudletar axtivoBoiia Hawking.

H Sdwacio extounic owpatidiwy and tn uehavr onn unopel va neprypagel we e€hc. To xevo
YeEWE ouvey®s (VYN CWUATIOIWY-avTICOUATIOWY Tar omolor eupavi{ovTon YLl TOAD UiXpd YEOVIXO
oo Trua ey Cavd eCaliwdoly. ‘Otav éva tétolo (ebyog oynuatiotel xovtd otov opilovTa ye-
YOVOTWY, TO Eva cwUatidlo umopel va amoppogniel amd Ty ueiavy| omr| a@rvovtag €ToL To dALO
owuatido Tou Cebyoug eleliepo. Av 10 cwUTO UTO EYEL UOXETT EVERYEL YOl VO OPUTE-
TEVOEL UEYPL TO ATELRO, EVag paxpvog Tapatnenthc Ya avtiingldel v mopamdve dadixactior wg

oxTvoPBoAlal TEOEEYOUEVY) amd TN UEAAVY) OTIH).

Yovroua uetd ) dotinwon tne O, oe pa tpoondleta yio Ty evomoinon tng BapdtnTog Ue Tov
nhextopayvntioud, ot Kaluza xou Klein unédeoav tnv Onapln wiog emmhéov yweixhc SldcTtoong
TEQOL TOV TEWWY ToL TapatnEolpe. O Adyog ou 1 emnAéoy didotac O¢ yivetow avTiAnmty| etvon yrortt
elvo XUUTUAGUEVT UE TOAD uixet| axtiva cuunoryomoinong. Xto TEAT TOU TEOTYOUUEVOU 0MVY, 1)
unddeon Twe o Younay pag SldéTel emmAéov ywewés dlaoTdoelg Beédnxe Cavd 6To TPOoX VIO
ota mhadota Twv wovtéhwy Beovey  (brane-world models). e autd tor povtéra o ywedypeovos
etvar (1434 D)-didotortog, eved To LOUmay Tou napatneolue Unopel vo Yewpeniel o wior uepuBpdvn

1 + 3 Swotdoewy 1 omofo etvan epPontiopévn péoa otov TAYen (1+ 3 + D)-0dotato unepythpo.

To mpwto ugpog tng datePric elvon aglepmuevo ot YeAETn tng axtwvoPBoliog  Hawking omo
roavdidototee (HD) pehavéc onég tomou Schwarzschild de-Sitter (SAS) ot onotec neprypdpouy
oQouEd CUPPETEIXES peAavES omég mapouaia YeTnhc xoouoloywrc otadepds. H Omopdn uiog
Vetinric xoouohoywhc oTalepdc el ¢ AmOTENEOUA TNV EUPAVIOT) EVOC xoouohoYol opllovia
(o€ axtvixh) améoToon T = T, amd TNV oYY TV ouvtetayUévev) emmhéov Tou opilovta Tng
uehavric omhc. Ou 600 opilovteg amoteholy Tar Gplol TOU AUTIATOU UEPOUS TOU LUUTAVTOC Yid EVaL
adpovioaxd mapatnenTH mou Beploxetan o o Véon = 7o avdpeca and Toug dLo opilovteg

TR S To K Tee

270 TPWTO XEPAAAO, AVOUUE [Lor oUVTOUTN EloaywyY| ot Baoixéc évvoleg tne I'OX, tne Yepuo-
VOULXAC TWV VOV 0TIV XoL 0TNY axTivoBolio wking xodode xon oTiC {ec emimAgoV

OLVOLX WY UEAAVE) WV % % Ao Hawking xodoe x Vewpleg emmAE

YWEWOY DG TACEWY. LT CUVEYELY, GTO BEVTEPO XEPANLO, ETUXEVIPWVOUACTE OTOV AVUAUTIXO

unohoylopd v Luvtereotodv 'npilov Nduatoc (XI'E) (greybody factors) yu évo Boduwté
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medlo oe un-eAdytotn o0leuln ye ) BapltnTo, To onoio SladideTal 0TO YEWUETEIXG LTOPBadpo ULog
uehavric omic HDSAS. Ou XT'Y anoteholv mohd Pacixéc moodtnteg Yetalld GAADY xou yio TN
uehétn tne axtvoPBohiog Hawking améd wa uerovy| onr xadog to @doua g exmounihic OtapEpet

/ / / 4 /’ 7 / 4 / /7
Ao UTO EVOS TEAELOU UEAAVOG COUATOS XTd evar TopdryovTa (oo ue tov LI

[ Tov avokuTtind utohoytlopd Twv LI emAboupe Eva TEOBANUL OXEDACTC GTO EVERYO BUVOXO
Regge-Wheeler tou Baputixol mediouv tng HDSAS peraviic omrig. O XI'Y avtiotoryolv otny
mdavotnTa BtéAsuong amd To QEAYUA SUVOUIXOD YL COUOTIO TOU YEVWOVTOL antd Tr PEAAVA
omn o OLadidovTHL TEOG EYAUNDTERES THIES TNG oXTVIXAG CUVTETAYUEVNC. TTovEtovtag opoupixd
CUUUETEIXO TEDIO X0 YENOWOTOWWVTAS TN UEVOBO YWELOHOU TWV UETABANTOV ETTUYYAVOUUE TNV
amoGUCEVEN TWV OXTIVIXOY UEQWY TV EI0MOEMY xivnong Tou Tedlou yia SLldbooT) TEPLOPLOUEVN
TV oT LEPBedv xodig xou yia Blddoor) 6Tov UTEpyEo. Ot 5V0 oxTVixES Blapopné ECLIGMOOELS
TOU TEOXUTTOUV €lvol TOAY BUOX0AO Vo eTAUTOOY aXEUBME AVOAUTIXG oL CUVETWS XUTAUPUYOUE
OTNV YPHON KIS TEOCEYYLOTIXHC UEVOBOU YVOoTHAC Xt we MEUY6d0ou Tadtione v Acuuntotindy
Avoewv (METAA). Me ™ METAA xdte and xatdAAnhoug YT NUOTIONOUEC TNG UXTIVIXNG
CUVTETOYUEVNC X0l ETAVOPLOUO Tou TEd{oU UmopoUUe Vo @époupe TNy eéloworn xivnone oe pop@n
YVLOTAC Blapophic e€lomong xovid oToug 0plloVTEC OTOTE Xl UTOPOVUE Vo T1 AUCOUUE. T
OLVEYEW, Yo Vo Blaoaiicouue TNy Untopdn Aoong oe OA0 To €0POC TNG AXTVIXNAG CUVTETAYPEVNC
AAVOUUE TOUTION TV OUO ACUUTTOTIXOY AUCEWY OTNV EVOLGUEDT] TEQLOY Y| XATw omd XATIAANAYL

VO TUYUOLTAL.

Kovtd otoug opilovteg, xan cuvapthoel Tng Aeyouevne tortoise cUVTETOYUEVNC UTOROUUE Vo
Yedpoupe Tic Aol TV eElOOOEWY xivnong yiot To TEDIO Ue TN pop®T| MINEdwY eAeliepmv Xu-
LTV X0t ol TO AOYO TV TAATOV TWV ECEQYOUEVGY XL ELOERYOUEVWY XUPATMY VoL UTOAOYICOUUE
Toug XI'Y. Xty avdiuon pag yio T Aoomn xovid otov opilovta Tng Yelavic omhc, o avtiteon
UE TUPOUOLEG UEAETES, XUTUPEQUUE VO BOUUE €Val XUTIAANAO UETACYNUATIOUO YOl TNV oXTVIXN
OLVTETAYUEVT 0 omtolog AauBdver untodn xan TNy xoouoloywr| otadepd. Kat’ autédv tov 1pdmo, T

OVUAUTIXS JOIG OTOTEAEOUATA EYOLY UEYUALTERY oxplBELaL.

To avahuTind pog amotehéopota yio Toug LI (om ueuBpdvn xat Tov Unspxdgpo) elvon axplf3n] yio
YOUNAEC EVEQYELES, UXEEC TWES TNE Xoolohoyixrc otadepds (A), xan yior pixpéc TWéS g oTa-
Vepdc oUleving tou Boduwto mediou (§) pe to Boduwtd xapmurdtntac tou Riccl. Qotdoo etvo
€yxupa yiot auUolpeTo aELiUd ETUTALOV YWEIXOY DG TACEWY xou Yo XPovTind aprdud Teoytaxhc

oTpoopunc Tou mediou (1).

Ko ot 800 “wavdhar exmounric ™ (ot ueuBpdvn xou otov unepywpeo) Perxaue g or X1
xataoTélovTon Ye TN otadepd un-undevixic olleudng Tou mediou, Ye Tov xBavtind aprdud Tng
TpoYLaXY| 0TEOYOPUNC XADC xou PE ToV apliud TwV ETTALOY Ywetx®y dactdoewy (n). ‘Oocov
agopd TNy enintworn otoug LI g teheuTalag TUPUUETEOU TOU CUGTAUATOS , ONAADY) TNE VeTing

AOGUOAOYIXNC OTAVERAC, DIATLOTWONUE TS 0 POAOC TNE efval dutxdc. Avdloya Ue TNV Ty Tou &,



n adénon g A pmopel va evioyloel 1| va xatacTeikel TNy exntount| couatdiny. H ouurepupopd
ouUTY| OQEfAETOL GTOV TPOTO TOL 1) XOGUOROYXH) oToeRd eupaviletar 0TI eEIOWOELS. ATO T Wia
ueptd, epgovieton 0T CUVAETNON TNG UETEAS (G TUXVOTNTA EVEQYELNC TOU XEVOU XAl GUVETWS
eVIoYVEL TNV EXTIOUTY cwUATOiwY. Ao TNV SN pepld, epgoavileton otny Exgeacn tne evepyol
walag yior o Porduwtd cwuatidar p€ow evog Yvouévou e To € xou €ToL, 600 To Boptd yivovTo
oL owpaTida TOo0 o 60oxoho elvon var exTEUPUOLY amd TNy ueAavy| omh. T uixpéc Tiée Tou €
1 TEWTN OLVELDPORA TN A w¢ evépyelag xevol xuptapyel ue anotéheoua ot XI'E va evioybovrou,
EVO Yol UEYUAUTERES THEC TNC oTadepdc Un-ehdytotne cLCELENS To COUTIOW ATOXTOLY APXETA

UEYAAN eveRYT) Ualo TPOXOAWMVTAS TNY XATAOTOAY Tov XI'Y.

H pehétn twv avolutixdy exgpdocwy twv XY 610 younloevepyeioxd 6plo anoxdiude Teg To
YVWOTO UN-UNBEVIXO YEWUETELXO OpLo Lo TO xUplopyo mode Tou mediou ydveTon 6Ty To TEdlo dev
elvan o€ eAdyioTn oLLeun pe ) PopdTnTa, €vo amotéheoua Tou oy Vel e&loou Yo Tr) ueuBpdvn xou
ToV UTEPY®EO. Ol TEMTES BLoPUMCELC Xt 0TS BU0 TEPITTWOELS efvan TAENS O(wQ) oTNV EVEPYELD,
(w) evd Tic oaxpUBelc ExEUotlc TwV BLoPYMOEWY GUVIPTACEL TMV TOQUUETEMY TOU GUCTAUATOS

€)0UNE UTONOYIOEL XAl TUPOUCLALOUYE.

[oc Ty Thien uekétn e axtivoBoriag Hawking oe 6ho 1o evepyelond gdopa, etvar amapaitnTo
VoL EYOUUE TNV oxEU3Y) Hop@n Twv LI xou ETOUEVLS TA TPOCEY YO XY AVUAUTIXG. UTOTEAECUT
Tou unohoylooue dev eivan apxetd. ot To Adyo autd, oTo TEiTo AEPIAMO avamTUEUUE Evary opLiun-
TIXO XWOOWAL Yol TNV ETLAUCT) TWV OXTIVIXOY EELCOOEWY XIVNOTE 0T UEPBRdvVN XaL GTOV UTERY(ORO,
Teoxeévou va AdPoupe Tic axplBelc exgppdoeic yia toug LI, H olbyxpion avdueca ot avaluTind
xa oELIUNTIXS ATMOTEREOUAUT PUVERWOE EVIUTLOLONY) CUHPOVIN avdUESH 0To 500 OET GTN YaUNAo-
EVEQYELOXY| TEEQLOYY) (og xdmotec TEPLTTWOELG XAl TEQX AUTO oamr’]) eve amoxAioelg egaviCovton ooy

o A xou £ anoxtolv Peydheg TWEC.

‘Eyovtag tig axpelc exgpdoeic Twv LI ot didieor yag, unoloyloouue 6T GUVEYELL TO PAoUL
¢ axtvoPollac Hawking yioa tny HDSAS pehovy| onry ot ueyPedvn xon otov urepyopeo. ot
Veppoxpacio Tng UEAUVH G OTIAG YENOHLOTIOCUUE TNV xavovixoroinom twv Bousso xa Hawking,
1 ool Aofdver unddn TV amovacio Tou acLUTTWTIXG eTitedou oplou g ueTewrc SAS. Berjxoue
WS XL GTAL OVO XAVEALYL EXTIOUTNG, TO PACUN EVICYVUETOL PE TOV 0pIIUO TOV ETUTALOV YWEXOVY
OLOTACEWY, EVK 1) adENCT TOU € TROXVAEL XUTAGTOAY| TNG EXTOUTHC OE OAO TO EVEQRYELOXO QPACUAL.
Eniong, o duixdg pohog tng xoouoloyxhc otadepds Tou moapatneiinxe otoug XIS yetafiBdleTon
xou oty axtvoPorla Hawking xaddg, avdhoyo pe v Ty tou &, 1 xoouohoyiny otodepd

/7 /4 /’ /7
eVioy Vel 1) xUTAOTEAAEL TNV oxTtvoBollaL.

Axohodwe, UTOAOYICOUE TO AGYO TWV OAXDY EXTEUTTIXOTATWY TNG UEAAVAS OTC GTOV UTERYMEO
x0T UEBEdvn Yo SLdpopes TWES TwV TopaETenY. Me autd Tov TpdTO UnopoluE o amopav-
Yolue yior To oo eivon TO TEOTNTED XAUVAAL EXTIOUTHC, ONAADY UTOPOVUE VoL DLUTLO TOGOUPE TO0

EXTEUTEL 1) UEAOVY| OTIH TO UEYOAUTEPO U€poc TNne oxTivoPolag tng. H perétn tou Adyou twv
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OMXOV EXTEUTTIXOTATWY QUVEQOVEL TG 1) EXTIOUTY| GTOV UTEPYMEO EVaL AUTH TOU XLpLoEyEl OTay
oL TS TN oTadepdc un-ehdytotng oLCELENG X ToL aELIUOL TKVY ETTAEOY SLUC TUCEWY lvol Tou-
Toyeova peydieg. A&iCel va onuetwiel mwe auty eivon Uit amd TG EASYIOTES PORES OTIOU TO HAVAAL
EXTIOUTAC OTOV UTERYWEO xuplapyel Tou avtioToryou oTn ueuBpdvn xou o Adyog mou cuufoivel

oUTO Efval 0 U1 TETPYUEVOS TEOTOC UE Tov omoio To Tedlo culevyvieTton Pe Tn BapdtnTa.

Y10 xe@dhono 4, emxevipwifixopue otnv enidpao tng Yepuoxpaciog otnv axtvoforia Hawking
¢ HDSAS pehaviic omric. H mopoucio evog 6edtepou opilovta oto ywedypovo mépay Tou o-
eiCovta Tng pehaviic omhg dnuovpyel TpoBifuata otov axplBt| optoud NS VEQUOBUVAULXTS TGV
acuUTTLTIXG de-Sitter pehavov onwv. Apywd 1 amoucio evég acuunTeTXd eninedou oplou GUY-
PwVAL UE TO OTolo xavoVIXOTOLELTAL 1) ETtLpaveLonr] BapdTnTa xou XAt cuveneta xou 1) Yepuoxpacio
amoutel vor oplooupe TN Yeppoxpacio ye Bdon évav adpavelaxd mopatnenTh Tou Beloxeton oTNV
Teploy | avdpeca and toug duo opllovtee. EmmAéov, xaddg ev yével ol duo opllovieg €youv
olapopeTt) Vepuoxpaoia, o ywedyeovoc SdS o PBoloxeton oe Yepuoduvouxr wooppomio xadg
UTdEYEL Mol WOV pot) Yepuotntac and To Vepuotepo opllovta TN UEAavY) oA oS Tov Yu-
Yp0TERO x0GUoLOYIX6 optlovta. T'a To Adyo autd mpdopata Eyel mpotaldel 1 evepydC TEOGEYYLION
o1 VepUodLVUUIXY| TWV AoLUTTOTXE  de-Sitter yelavov omov omou, avti xoévag and Toug duo
optlovTeg Vo €YEL TO BLx6 TOU TEWTO VePUOBUVOULXG VOO, 0pIloUUE £vay TETOLO YOUO YLol OAOXATRO

TO GUCTNHO X0 UE AUTO TOV TEOTO TolEVOUUE [iol ExppaoT yiow TNV Vepuoxpacio.

Lot TNV avTWETOTLON TWV TEOUVIPERUEVTLY TRoBANUdTwY, Eyouy Tpotaldel otn BuibAoypapio di-
dpopol oplool we oL xatdhhnhot yio T Vepuoxpaoia tne SdAS peiovic onrc. Xenouylomolhdvtog
o oxpU37) apriunTind amoteréopota Yoo Toug XI'YE mou unoloylooue 6To TEONYOVUEVO XEQEANLO,
oLYxElVoE Tol PAouaT EXTOUTAC Yiot 6 SlopopeTIXéC VEpUOXPUGIES Uial EX TV OTolwY TEOTEVOUUE
yioo Tetn @opd. H olyxplon twv Quoudtwy xatadeixviel g 1) Exgeact tne Yepoxpaciag mou
emAéyeTon yioo T peéTn tng oxtivoBoriog Hawking emnpedlel onuavtixd to amoppéov @doua
exnopnic. Kdmoteg and tic Yeppoxpacieg aduvatoly vor 081 yHiOOUY GE GNUAVTIXY| EXTOUTT 0XTVO-
Bohlog, evey dAAEC TO ETUTUYYAVOLY UOVO YL UXEES 1) MEYSAES TWES TNG XOOUONOYIXAC G Tadepd.
Ye xdie mepintwor, SlmoTHouue Twg N emhoyT| Tng Vepuoxpaciog mou €yel mpotadel and Toug

Bousso xa Hawking efvar autr) mou 0dnyel oto 1o €viovo @douo exmoutic.

270 6eUTEPO UEPOC TNG BLUTESHC, CTRAUPTXAUE GTO TEOBANUO EVIOTIGUOU TWV UEAAVEDY OOV TAVL
ot pepPedvn oe povtéla xoumOAwy emmiéoy dlootdoewy (KEA) (warped extra dimensions). e
avtieon pe to povtéda ueydhwy emtmhéov Slaotdoeny (large extra dimensions) émou avoluTixég
ANOoEC PEAAVDY OOV Elval YVWOTEC €0w xan dexaetieg, ota poviéha KEA uéyol orfjuepa dev
eyouv Bpedel opiBelc avoluTixég ADoEC TEVTU-OLUOTATWY UEAAVMY OOV EVIOTUOUEVES AV O
ueuBedvn. Ilpoc autd t0 oTdy0, emextelvovtog TponyoUUeveS dovAelée, Vewpriooue éva ansatz

yioo T detewer| TOmou  Vaidya 1 omola exguiileton oe wio petein| Tomou  Schwarzschild méve ot

HeupEdvn.
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Ipoxewévou vo Tpocdhoouye ueyahiTepn eveMEio 0TI €EloOOELS, ETAEEAUE 1) TaEdUETEOS UaloC
vou epovilel €€4pTNoN amd TH YEOVIXT XU TNV 0XTIVIXY CUVTETOYUEVT XS XL omd Tr CUVTE-
Toyuévn g emmAéov didotaone. o va unootnpiCouue wa Tétola AVon éow TwV eEIOMOEWY

Einstein ypetdleton va youpe évo un-undevind tavuot opunic-evépyetag (7)) otov UtepydEo.

'Etol, Yewprooue didpopeg xatavoués Tedlwy yior Tov 1), Tou UTERY®EOU EEXVOVTAC Omd TNV
O OTAY) UN-TETEWUEVY TIERITTWOT OTIOU O UTEPYWEOS EUTEPLEYEL HOVO Lol XOOUONOYXT oTadEpdL.
Axolohdwe, Yewpriooue €va BadunmTd TEdio UE XAVOVIXO 1) XOL UE UN-XAVOVIXO XIVTIXG 6p0 GTN)
Aoryxpav{lovy| xan UETE UEAETACOUE TNV TERITTWOT 6TOL Buo CAANAETIBEMOVTA TEdiN UTdEYOUY GTOV
UTIEPYWEO UE amA0UC xat UixTo0g xivntolg 6pouc. Téhog, dewpriooue Ty mepintwon 6mou ot
Aaryxpovliavi) €youpe wa yevixr ouvdptnon ovlevine f(P) avdyeoo oto Poduntéd tedio P xou

70 Podunwto Ricei yall ue éva yevind duvauind xadoe xou Eva 6po xoopohoyixfic otadepdc.

Y& xdmoleg amd TG TUPATAVE TEQITTWOEL Perxade cuvapTtoel Udlag ol onoleg elvor cuUPotég
UE TIc €ELODOELC TEQLOPLOUOU (constraints). H AVTIXAUTAO TUOT) AUTOV TWV AIGEWY OTN GUVEETNOT)
ueTpAc YEWWE BLdgopouc evdlagpépovtee Gpoug timou Schwarzschild (r~1), (anti)de-Sitter (r?)
# tomou Reissner-Nordstrom (r72). Qot600, énote téTotec MoES UTdpy oLy To TPogik TN Gu-
vapTNoMNG Kalag xotd Uixog Tne EMTAEOV BLdc TaoNE BEV Eval TO XATIAANAO YIo TOV EVIOTUIOUO TNG
wtopopplag xovTd oTN PeUBEdvr) xon XaTd CUVETELX OL AUCELS QUTEG DEV 00NYOUV OE EVIOTUCHEVES

UEhaVES OTIES.

210 xe@drono 6 TopoUGCLECOUUE AVIAUTIXG Tol CUUTEQAOUATA TNG OloTE3HC.
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Chapter 1

Introduction

1.1 General theory of relativity

The General Theory of Relativity (GR) was formulated over a century ago by Albert Einstein [13]
and to date, it provides the most accurate description of gravity'. In Einstein’s theory the Newtonian
force of gravity has been replaced by curvature in space and time. The presence of matter causes
spacetime to “curve” and in turn, the curvature of spacetime dictates the way matter moves in it along
geodesics. In this section we introduce some basic concepts of GR and refer the interested reader to

an indicative list of text on the subject for further details [15-23].

1.1.1 Geometry and gravity

The mathematical framework upon which GR has been formulated is that of differential geometry
[24-26] that constitutes a generalization of the usual Euclidean geometry by considering properties
of vectors and curves on curved surfaces. In the language of differential geometry, the gravitational
field, corresponds to a symmetric rank-2 tensor (endowed with some special properties) called the
metric tensor g, or simply the “metric”. Let us now define some important geometric quantities

more rigorously.

Starting with the most basic concept in relativity, we have the notion of spacetime that is defined as
a manifold with a metric on it (M, g). Vectors p® in curved spacetime are understood as differential
operators and are defined as tangents to curves on M. Inversely, curves on M are defined by vector
fields. Dual vectors (also termed as one-forms) are symbolized with lower indices p, and are defined as
linear operations acting on vectors and giving numbers (complex in general). A combination between
a dual vector and a vector corresponds to the inner product. One of the important roles of the metric

is to provide a way to combine a vector and a dual vector to produce a number.

The generalization of vectors and dual vectors in this abstract language are tensors, that are defined
as operations on vectors and dual vectors that produce numbers. In order for an object T " byoooibs
to be a tensor of type (s, ) it has to transform appropriately under coordinate transformations. Under

a general coordinate transformation of the form z% — '@ (x) the tensor components between the two

'For a review on the status of the experimental tests of GR see [14] and references therein.



coordinate systems are related as

_— 9"\ (02N e,

By including a metric tensor g,,, on a manifold we have a metric space. This gives birth to the notion

of distances in spacetime which are encoded in the so-called line element
ds® = gapdzdz® . (1.2)

With this, yet another important feature of the metric is uncovered, namely that it converts coordinate
increments (differentials) into physical distances. Points on a metric space are termed events and are
usually specified by a “time coordinate” and a number (depending on the dimensionality of spacetime)

of “space coordinates”.
Once we have a metric we can lower and raise indices between vectors and dual vectors as follows:

b b
9pa=p" ", Gabb" =po- (1.3)
It is important to notice that before we introduce a metric on the manifold to make it a metric space
the two notions of vectors are independent and so the inclusion of the metric provides a relation
between the two. As a consequence, it is common that both vectors and dual vectors are referred to

simply as “vectors” when dealing with metric spaces.

Another important quantity is the inverse metric that corresponds to the inverse matrix of the matrix

representation of the original metric
9 g = 8% (1.4)

Aside from the metric we may also assign another independent (in general) structure to the manifold,
called the connection I'y,. This quantity is not a tensor as it does not transform like one under
coordinate transformations. For the record, it is possible, in abstract differential geometry terms, to
have a manifold with a connection and no metric on it. In this case we would have an affine manifold.
Usually in GR it is common to have both a metric and a connection on the manifold. It is also
very common to choose a connection that is metric compatible. This means that the connection is

completely tied to the metric and is obtained via first derivatives of the metric in the following way:

1
be = §9ad (OvGdc + 0cgdab — agne) - (1.5)

In this case the connection is called the Christoffel symbols which are also symmetric in the lower
indices. This last property is a feature enjoyed by the connection in torsion-free theories. The role of

the connection is to give us a “transport rule” to move vectors on the manifold from one point to the



other, then be able to take the difference between the two vectors and by dividing with the distance

between the vectors be able to get a covariant derivative.

In covariant differentiation we distinguish two cases. There are cases where you have a vector field
defined only on a curve and cases where a vector field is defined in an open region in spacetime. So,
suppose that we have a vector field on a curve . The vector field on the curve means that for each
point on the curve we know what the vector is. So the vector is defined everywhere on the curve and
only on the curve. If the field is defined only on the curve we can only differentiate it only along the
curve. To do that we need a parameter description of the curve which essentially is just giving the

coordinate description of the curve in terms of some running parameter
vk (). (1.6)

So, for each value of the parameter A we know the coordinates of the curve and in this way we can
“build” the curve. As an example, if we talk about the world-line of an observer the role of A would

be played by proper time (7).

What we are looking for is to create a notion for

dAH

=, (1.7)

the derivative of a vector field with respect to the parameter. If we didn’t have a problem with dealing
with vectors in different points the derivative would be straight-forward. We define the covariant
derivative along a curve as follows:

DA®  9A®

04" 0zt
ox oA

o\’

+ g, Ab (1.8)

When we calculate the covariant derivative along the curve we don’t need to know anything about

the vector field away from the curve! We also introduce the notion of the tangent vector to the curve

ox?®
o\’

vt = (1.9)
as the derivative of the coordinate description of the curve with respect to the parameter . In this
notation we can re-write the expression for the covariant derivative along a curve as

DA*  9A®

= o T g Abte, (1.10)

Now we turn to the broader case where we have a vector field defined in an open region A%(z*) and
not only on a curve and calculate its covariant derivative. We are now able to take its derivative in

all directions. In that case we define the covariant derivative with respect to any coordinate direction

08 as

Aly = VA" = A% + T4.A°]. (1.11)




Finally, by comparing (1.10) and (1.11), we see that we can write the covariant derivative along a

curve as the full covariant derivative multiplied by the tangent to the curve as

DA
O\

= A%t (1.12)

In GR the paths that point-particles follow in the curved spacetime correspond to geodesic curves
when no other force apart from gravity is exerted on them. These are curves with the very special
property that they extremize the distance between two events. Depending on the sign of the norm of
their tangent vector t%, there are three types of geodesics, namely spacelike (when ¢t*t, > 0), timelike
(when t%t, < 0) and lightlike or null (when t%t, = 0). Massive particles follow timelike trajectories
while massless particles (such as photons) move along null trajectories. Finally, spacelike geodesics

do not have a physical interpretation and so we will not consider them any further.

Let us focus on timelike geodesics. They are timelike curves in spacetime with the fundamental
property of the extremum of proper time between two events. Proper time is defined as the negative
spacetime interval

dr? = —ds?, (1.13)
and we take the minus sign because we have the dominance of the time direction versus the space one
in timelike curves. So the proper time between two events A and B is going to be

B a b
dx® dz

and this integral is called proper time functional. It is a functional of the path A to B because we have
to calculate the metric along the path we have chosen as well as the coordinate differentials along the

path. Notice that the parameter A in eq. (1.14) is not necessarily the proper time 7, but rather an

arbitrary parameter. Employing the Euler-Lagrange method with the Lagrangian

/ dz® dx®
L= _gabﬁﬁ ) (1.15)

Pat | padetdat | det o 1dL (1.16)
d\ bedgh d\ T TdN T LdNC '

we end up with the geodesic equation

In general, when A # 7 the quantity & is non-zero. If now we choose T to parametrize the curve, we
have that £L =1 — k = 0. In fact this is true for any parameter \ that is linearly related to the
proper time parameter i.e. A = ar+b, for arbitrary constants a and b. This special class of parameters

correspond to the so-called affine parametrization.



Using the tangent vector to a curve (1.9) we may also write eq. (1.16) using the covariant derivative

in the following way:
dz®(\)
1Vt = Rt" | 0= : 1.17
Va RT d\ ( )

The left hand side (Lh.s.) of the above equation can be geometrically understood as the projection of

the acceleration of the curve on to the direction of the speed of the curve. Physical observers follow
timelike geodesics and the “natural choice” of parametrization for the curve is their proper time (7).
Thus, the right hand side (r.h.s.) of eq. (1.17) vanishes and so we see that geodesics are curves of

zero acceleration.

When it comes to null geodesics, i.e. the path that light takes in curved spacetime, the affine param-
eterization of the curve is no longer a good choice of parameter. This is due to the fact that for null
curves ds?> = 0 and so the proper time interval vanishes as well. Thus, null geodesics are in general
described in terms of non-affine parameters. In general we define null geodesics as the integral curves
of vectors k% that satisfy

KOV ok = f(z) kb, k%, =0, (1.18)

where f(x) is a function of spacetime.

1.1.2 Einstein’s field equations

The field equations for the gravitational field are obtained from the variation of the Einstein-Hilbert

action

S:/(QS%JFLWL) Vv—gdPz, (1.19)

with respect to the metric tensor g,,. In the above, R is the Ricci scalar, HQD = 87G/c* where G
is the gravitational constant and c is the speed of light; £,, is the Lagrangian describing the matter
content of spacetime, ¢ is the metric determinant and D = 4 4+ n is the total number of dimensions,

where an arbitrary number n of extra spacelike dimensions has been introduced.

The variation of eq. (1.19) with respect to the metric yields the Einstein’s Field Equations (EFEs)

1
G = Ry — 3 9w R=k}H T, (1.20)

where G, is the Einstein tensor given in terms of the Ricci tensor R, (involving second derivatives
of the metric tensor). Finally, on the right-hand side (r.h.s.) of the Einstein equations we have the
energy-momentum tensor T),, that describes the distribution of energy and momentum and is defined

via
Mg dg

(1.21)



When the action (1.19) is extended to include a positive cosmological constant? term (—A/k2, , A > 0)
that may be interpreted as a contribution from the field-theory part originating from L£,, or as a

geometric term in the same way that R enters the action, the EFEs are then

Gy + g = k5 Ty . (1.22)

1.1.3 Some exact solutions

To obtain the form of the metric tensor, one has to solve the EFE. In four dimensions, eq. (1.20)
corresponds to ten non-lineal differential equations with respect to the metric tensor components and,
in general, obtaining an analytic solution is nearly impossible unless some symmetry conditions are

imposed in order to simplify the form of the equations.

The first and simplest vacuum solution (7, = 0)® to the EFEs was found by (and named after)
Karl Schwarzschild [28] shortly after Einstein introduced GR. The Schwarzschild solution has a line

element that in spherical coordinates (¢,r,0, ¢) is given by

-1
ds? = g datds” = — (1 — Qh) a2 + (1 . @) dr? + 1% (d6? + sin 02dg?) | (1.23)
r r
where r, = 2?{” is the Schwarzschild radius given in terms of the mass m. In the limit m — 0 the

above line element reduces to the Minkowski metric of flat spacetime. One of the important properties
of this spacetime is its time-independence. The latter is immediately evident since the time coordinate
(t) does not appear in any of the metric components. Due to its simplicity, we will often refer to the

four dimensional Schwarzschild metric when introducing various quantities in this introduction.

According to Birkhoff’s theorem [29], the Schwarzschild solution corresponds to the unique spherically
symmetric and uncharged vacuum solution to the EFEs. Notice, that the metric* becomes “prob-
lematic” in two specific values of the radial coordinate, »r = 0 and r = r,. These values cause the
divergence and vanishing, respectively, of the so-called metric function associated with the element

gyt of the metric

—gu=h(r) = (1 - %) : (1.24)

Therefore, the line element (1.23) becomes inappropriate for the description of physics in this region
since we have the appearance of singularities. Not both of these singularities are of the same type
though. Consider the Kretschmann scalar R**?R,,,,, corresponding to the square of the Riemann
tensor. Since it is a scalar quantity constructed out of the Riemann tensor, it measures the curvature

in a way that does not depend on the coordinate system. For the Schwarzschild metric, it has the

2Initially introduced by A. Einstein in order to support a static universe [27].
3This means that no matter or non-gravitational fields are present.
40ften the term “metric” is used to refer to the line element as well.



following form:
48G?m?

U po _
R Ryps = — 5

, (1.25)

and clearly diverges at » — 0. Thus the singularity located at » = 0 in the Schwarzschild metric is
a physical one since it causes the divergence of the scalar invariant of the curvature tensor; therefore
it cannot be eliminated by any coordinate transformation. All observers agree that the physical
singularity is there and physics breaks down at its location. On the other hand, at » = rj, we have
a coordinate singularity because the curvature scalars are well behaved there. Under appropriate
coordinate transformations these types of singularities can be eliminated. So it becomes clear that
the distinguishing characteristic between different types of singularities is whether or not they cause

the curvature scalars to diverge.

When one includes the cosmological constant term into the 4-dimensional Einstein-Hilbert action, the

metric (1.23) is generalized to the Schwarzschild-de Sitter (SAS) line element

A A\
ds® = g, datdz” = — (1 - % — 37~2> dt® + (1 — % - 37"2> dr? 4+ r? (d9* + sin6°d¢?) , (1.26)

where the extra “cosmological constant term” —Ar? appears in the metric function. The SdS metric
can be generalized to an arbitrary number of extra space-like dimensions [30] and thus the Higher-

dimensional (HD) SdS metric is obtained

d 2
ds? = GyydaMda = —h(r) dt* + WT;") +72d03,, . (1.27)

In the above, the metric function is

I 265 A 9
h(r)=1-— - 1.28
(r) rmtl (n42)(n+ 3) " (1.28)
and dQ23_, is the surface element of a (2 + n)-dimensional unit sphere given by
A3, = do2, +sin® 6,44 (d@i +sin? 0, ( + sin? By (dfF + sin? 0, dp?) )) : (1.29)

with0<p<2rand 0<6; <7, fori=1,...,n+ 1.

The line element of eq. (1.27) will play a very important role in this thesis as it constitutes the basis

for the majority of the analysis performed.
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FIGURE 1.1: The “echo” of the merging of black holes as detected in the form of gravitational waves
by the LIGO collaboration. Credit: [38]

1.2 Black holes

In this section we introduce some of the basic concepts of black holes (BHs). Black holes are definitely
amongst the most exciting predictions of GR [26, 31-36]. They are regions of spacetime so intensely
curved that nothing, not even light, can escape. Classical BHs are solutions to the EFE and are
characterized by the existence of an event horizon at the boundary and a singularity at its core.
The solutions (1.23), (1.26) and (1.27) presented above describe static, spherically-symmetric and
uncharged black holes either in the absence or presence of a cosmological constant. The existence of
singularities in GR is an indication that the predictive power of the theory breaks down in this region

and a description based on a yet to be found complete theory of quantum gravity becomes necessary.

Even though we have never directly observed a black hole, the observational indications seem to
strongly support the existence of BHs; from the orbits of stars close to the center of our galaxy
that hint towards a super massive black hole [37] to the most recent indirect observation coming
from a series of detected signals of gravitational waves [38], that are in stunning agreement with the
predictions of GR, generated by the coalescing of black holes (see Fig. 1.1). Finally, the Event Horizon
Telescope (EHT) [39] is set to capture the first “image” of a black-hole horizon by creating a virtual
Earth-sized telescope and targeting Sgr A* at the center of our galaxy.
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1.2.1 Symmetries and Killing vectors

In GR it is often very important to be able to express the invariance of a tensor under translations
along a direction in spacetime (as we shall see this is related with conserved quantities along geodesics).
To this end it will prove useful to introduce yet another type of differentiation that is more “primitive”
than the covariant derivative (1.11), in the sense that it does not require the extra structure of the
connection in order to be defined. This new type of differentiation is the Lie derivative Ly that is
defined along the integral curves of a given vector field U?, in an open region of a manifold. The Lie

derivative with respect to a vector field U® acting on another vector field A% is written as
LyA® = U9A* — APQU = —L4U°. (1.30)

Geometrically we can understand eq. (1.30) as the projection of the partial derivative of the vector
A® along the vector U® minus the projection of the partial derivative of U* along A%. Even though we
used partial derivatives to illustrate that Lie derivative is defined independently of a connection, it is
clear that due to the minus sign between the two terms if we simply replace the partial differentiations
with covariant ones, the Christoffel symbols that appear cancel out. This is why we may use instead

the following expression as the “definition”:

LyA® = U,A® — AV, U°|. (1.31)

From the above equation it becomes clear that Lie differentiation is a covariant operation since both
terms on the r.h.s. are tensors. As is usually the case with any differential operator, Ly obeys the
product rule of differentiation. When acting upon scalar quantities it reduces to partial differentiation

ie. Ly® =U?9,P, while acting on one forms and mixed tensors it has the following effects:
LyB, = UVyB, + B,V,U", (1.32)

LyT% = UV T% — TSV U + TV, U°. (1.33)

Let us now see how to use the Lie derivative to state that an object® is invariant under translations

along a direction in the manifold in a covariant, i.e. coordinate independent, manner.

Consider a specific coordinate system in four dimensions z¢ = (2°, 2!, 22, 23) and suppose that a

vector A® does not depend on the first of the coordinates (2°). Then in the coordinate system z®
this is stated as 0A%/0,0 = 0. Of course this last condition will not hold in an arbitrary coordinate
system. Now, in 2%, the vector that points along the direction of 2°-changes will be U = (1,0,0,0).

Since the components of U® are constant, its partial derivative along any direction in % will be

U =0. (1.34)

5Here we will consider a vector, but this idea is generalized to arbitrary tensor fields.
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With the above it is clear that the “z’-independence condition” 9A%/9,0 = 0 can be written equiva-
lently as
U 9,A* = 0. (1.35)

Turning now to the definition of the Lie derivative (1.30) and using eqgs. (1.34) and (1.35) we have
that
LyA® = U9 A* — A9 U = 0. (1.36)

Even though the above result has been derived for the specific coordinate system z%, the covariant
nature of Ly guarantees that this holds in any coordinate system. We may thus conclude that the
invariance of a vector A% along translations in the direction of U? is stated in a coordinate-independent

way by the vanishing of its Lie derivative
LyA®=0. (1.37)

The condition of eq. (1.37) is of course not only restricted to vector fields but is generalized to tensors.

Assume now that the Lie derivative of an arbitrary metric g4, vanishes along the direction of a vector
5(1
Efgab =0= gcvcgab =+ gcbvafc + gacvbfc ) (1'38)

where in the last step we used the definition for the Lie derivative. The first term in eq. (1.38)

vanishes due to metric compatibility V.g.,, = 0 and so we have

gcbvagc + gacvbgc =V, (gcbgc) +V, (gacgc) ) (1'39)

which eventually leads to Killing’s equation

| Vila + V& =0]. (1.40)

Any vector field satisfying eq. (1.40) is called a Killing Vector Field (KVF) and “points” along a
direction that the metric remains invariant. For any symmetry of the metric there is a corresponding
KVF associated with it. In D dimensions, the maximum number of linearly independent KVFs is
D(D +1)/2 and when a metric has the maximum number of KVFs we have a mazimally symmetric

space for which the Riemann tensor is given simply by

Rabcd = Gac9bd — gadgbc) ’ (141)

DGR

where R is the Ricci scalar. Some characteristic examples of maximally symmetric spaces are the

Minkowski and de-Sitter spaces.

In general, in order to find the KVF's of a given metric one has to solve eq. (1.40) explicitly but often,

there are cases where one can “read” the KVFs simply by inspection of the metric. Based on the
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discussion above, it is clear that if in a given coordinate system the metric does not depend on one of

the coordinates there is a KVF associated with translations along that coordinate.

A linear combination of KVFs still satisfies Killing’s equation and this implies that KVFs are defined
up to a normalization constant. In chapter 4 we discuss different approaches to the normalization of

the KVFs depending on the asymptotic structure of the spacetime.

The symmetries of the metric and the associated Killing vectors that go with them give rise to con-
served quantities along the geodesics of the spacetime. Assume a KVF £ and a geodesic parametrized
affinely by x*(\) with tangent vector t*(\) = dx®(\)/d\. Then the following holds:

d

oy (#%) = 'V (17€,) = Eat"Vipt® + t""Vyé, = 0. (1.42)
The first term vanishes due to the geodesic equation t*Vt* = 0 and the second by virtue of Killing’s
equation that constitutes the term V¢, antisymmetric. The result of eq. (1.42) then implies that
the quantity t%¢, is a constant of motion along the geodesic. Another useful result, that is trivial to

prove, is that for the energy momentum tensor 7% and a KVF &2 the quantity T ;6% = P, is also

conserved.

1.2.2 Event horizons and surface gravity

The coordinate singularity at » = r, in the Schwarzschild geometry corresponds to the location of
the Event Horizon (EH) of the black hole. This two-dimensional spherical surface with radius ry is
the outer boundary of the black hole. Anything that approaches the singularity to a distance smaller
than 7, can never escape the gravitational attraction. According to the so-called cosmic-censorship
conjecture [40], any singularity in nature, with the only exception being the big-bang singularity,
remains “cloaked” behind an event horizon. This is a necessary requirement in order to preserve the

predictability of classical GR.

We have defined the event horizon loosely, as the outer boundary of the black hole. A horizon usually
appears for an observer (O) when there is gravity involved (curved spacetime) or even in the absence
of gravity (flat spacetime) when an observer undergoes constant proper acceleration (Rindler observer)
[41]. The effect of acceleration (or gravity) is to cause some regions of spacetime to become “causally
disconnected”. The same holds for in the case of “repulsive gravity” effect of the cosmological constant
(A). In the presence of a positive cosmological constant, the spacetime expands. As a result, at
distances larger than the typical scale of r. = (\ﬂ)  the expansion of space is so rapid that signals
beyond this point can never reach the location of the observer. This way we have the appearance
of a cosmological horizon. For the current, exceptionally small value of the cosmological constant

A ~ 10752 m~2 the radius of the cosmological horizon is 7. ~ 1026 m or roughly 3Gpc!
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There are different types of horizons in black-hole physics including trapped surfaces, apparent
horizons, event horizons and dynamical horizons (see [23, 42] for more details). In static spacetimes

the event horizon and the so-called, Killing horizon are identified.

A Killing horizon, that we shall denote with 7, is defined as a null hypersurface S(z*) = 0 that is
everywhere tangent to a Killing vector field K* which becomes null (K#K, = 0) on H.

The defining property of a null hypersurface S(z%) = 0 is that its normal vector n, ~ 9,5 is null and
so we have the condition
g™0,50,S = 0. (1.43)

It can be shown that the integral curves of the KVF that becomes null on the location of the Killing
horizon H, are geodesics everywhere on H. This gives the parameter k£ on the r.h.s. of the geodesic
equation (1.16), that measures the deviation from affinity of the parametrization of the geodesic, the
interpretation of the surface gravity [15, 22, 26] of the black-hole horizon. Explicitly on the location
of the Killing horizon it is given by

Ky = —=VKVK,|3 . (1.44)

Surface gravity plays a very important role in black-hole thermodynamics since it is related to the

temperature of Hawking radiation as we shall see in the following sections.

1.3 Black-hole thermodynamics

In this section, we present the four laws of black hole mechanics and compare them to the laws of ther-
modynamics. Then we derive an expression for the physical temperature of a Killing-horizon valid for
an arbitrary spherically-symmetric spacetime. Finally, after introducing some basic tools of quantum
field theory in curved spacetime, we move on to sketch Stephen Hawking’s original calculation, and

obtain the famous Hawking formula for the spectrum of the black-hole radiation.

1.3.1 The four laws of black-hole mechanics

A striking similarity between black-hole mechanics and thermodynamics was uncovered in the classical
level in the early 70s in the form of the “four laws of black-hole mechanics” [43]. These laws state the

following

The four laws of black-hole mechanics
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© Zeroth law: The surface gravity s of a stationary black hole is constant everywhere on the

surface of the event horizon.

© First law: Perturbing a stationary black hole with mass m, charge @ and angular momentum
J respectively by dm, 6Q) and ¢.J, the new state is described by (m + dm,Q ++0Q, J +0J) and

the variations are related via
Sm = g“i(sA +D,6Q + Qo (1.45)
T

where kj, and A are respectively the surface gravity and surface area of the event horizon,®y, is

the electric potential on the horizon and 2, is the angular velocity of the horizon.

© Second law: In any (classical) process the surface area of the event horizon is non-decreasing

SA>0. (1.46)

© Third law: It is impossible to reduce the surface gravity s of the event horizon to zero under

a finite sequence of operations, no matter how idealized the procedure.

*

There is a clear resemblance between the four laws given above and the corresponding laws of ther-

modynamics. In thermodynamics, the zeroth law states

For a system in thermal equilibrium, the temperature (T') remains constant.

Thus we see that the surface gravity behaves similarly to the temperature, k, <> 7. In the first
law for a thermodynamic system, small variations in the internal energy U and entropy S between
equilibrium states are related by

oU =T6S + work terms. (1.47)

Then, by the forms of eqs. (1.45) and (1.47) it is tempting to identify the black-hole mass with the
internal energy m ~ U, and the surface area of the event horizon with the entropy A ~ S. In fact the
entropy of the black hole was found to correspond to a quarter of the total surface area of the event
horizon S = A/4 [44] and in this way, the analogy between the laws suggests the identification of the

temperature with the surface gravity as T' = kp,/(2m).

The second law of thermodynamics states that

For a closed system the change in entropy is non-negative i.e. .5 > 0.

Given that we have related the surface area of the black-hole horizon with the entropy of the black

hole, the second law of thermodynamics becomes reminiscent of Hawking’s area theorem.
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The aforementioned analogy between the laws of black-hole mechanics and thermodynamics when
first realized certainly appeared to be simply a formal one. This is due to the fact that classically a
black hole is a perfect absorber and thus it cannot be endowed with temperature. Also, the entropy of
a thermodynamic system is a measure of the number of microstates that lead to the same macrostate
with a given volume, pressure and temperature. On the other hand, according to the no-hair theorems
[45-47], black holes are completely characterized only by a few parameters: mass, charge, and angular

momentum.

It was Hawking who first realized [48] that, when quantum effects are taken into account, the black
hole is endowed with entropy and non-vanishing temperature and in this way behaves exactly like
a thermodynamic system [44, 48-50]. The entropy is proportional to the surface area of the event
horizon and corresponds to the information that is “hidden” behind the event horizon. The black-
hole temperature is related to the surface gravity at the location of the event horizon (a proof of this

statement is provided in the next subsection).

1.3.2 The black-hole temperature

In this section we shall derive a very general expression for the Hawking temperature using a method
that is based on the analogy between systems at a finite temperature and path integrals with periodic
time [50, 51]. The obtained result is valid for any spherically-symmetric metric in arbitrary number

of extra spacelike dimensions.

Let us begin by writing down the line element for such a metric in D-dimensions

1

ds®> = —h(r)dt* + G

dr® 4+ r2dQ%,_,, (1.48)

where h(r) is the so-called metric function and df23, , is the surface element of a (D — 2)-dimensional
hyper-sphere with unit radius. The roots of the metric function correspond to the locations of the

Killing horizons in the above spacetime.

We now perform a Wick rotation i.e. ¢ — i7, and omit the angular part of the metric (1.48) by virtue

of the spherical symmetry to obtain the Euclidean form of the metric

1
h(r)

Assume now the location 7, of an event horizon for the above metric, i.e. the metric function satisfies

ds® = h(r)dr® + dr? . (1.49)

the equation h(r,) = 0. Infinitesimally close to the location of the horizon r = rj, + € — dr = de,

where 0 < € < 1 we may Taylor expand the metric function to obtain

h(ry, + €) = h(rp) + € 0h(r)|r=r, + O(€?) = € Dph(r)|p=p, + O(€%). (1.50)



17

In the last step we employed the fact that the metric function vanishes at the location of the horizon.

To first order in € the metric is then written as

ds® = ¢ h/(rh)d7'2 +

2
eh’(rh)de , (1.51)

where we have denoted 9,h(r) by A'(r). Finally, under the following coordinate redefinition:

2\/€ de
\/h,(?”h) \/Gh/(Th) ( )
we may recast the metric to the form
h/ 2
ds® = w? (rn) dr? + duw?. (1.53)

The form of eq. (1.53) is that of the metric of a 2D Euclidean plane in polar coordinates (r, ¢) i.e.

ds? = dr? + r?d¢? if the rescaled time coordinate

T (1.54)

is identified with the angular coordinate with period 27

h 4
(Th)T<27T—>O<T< il
2 h’(?“h)

= 3. (1.55)

With the imposed periodicity in the time coordinate we made sure that the conical singularity at
w = 0 (or equivalently at r = r}) corresponds to merely a coordinate singularity, as it should. The
true merit of the identification ¢ — ¢ + 27 is that we may now use the path integral approach to the

quantization of a scalar field to obtain the black-hole temperature [50].

In the path integral formulation, for a given action S[¢(t)], the amplitude for the field ¢ to go from a

state ¢1 at time t; to a state ¢, at time ¢ is

(2.t |, 1) = / 4[] exp (iS[4]) . (1.56)

where the integration runs over all field configurations that take the values ¢ and ¢o at time ¢; and
to respectively. The left hand side of the last equation may equivalently be obtained by means of the

time evolution operator as

(p2,t2| P1,t1) = (P2 |exp [—iH(t2 — t1)] [ P1) , (1.57)

where H is the Hamiltonian. Upon setting to — t; = —if and ¢3 = ¢ and summing over all ¢; we

end up with
Trexp (~5H) = [ dlo]exp (i[0]) (1.58)
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This time, the path integral is restricted to fields that are periodic with period 8 in imaginary time.
Also, the left hand side of the above equation is by definition the partition function for the canonical

ensemble of the field ¢ at temperature given by T' = 571,

Returning now to eq. (1.55), we conclude that the temperature of an horizon located at rp will be

given by

1 h/(Th) KRp
Th = —= = = —,
I3 a7 2m

(1.59)

where kj, = h/(ry)/2 is the surface gravity for the Killing horizon.

As an illustrative example, for the 4D Schwarzschild black hole (1.23), the temperature has the

following expression in terms of the mass m of the black hole:

he?

T
h 8tGmkp’

(1.60)

where & is the reduced Planck constant, ¢ is the speed of light, kp is the Boltzmann constant and G
is the gravitational constant. It is clear that in the classical limit A — 0 the black-hole temperature
vanishes. The interesting feature of this expression is that the temperature of the BH is inversely
proportional to its mass. It is then clear that large black holes, such the ones generated in astrophysical
processes, have a very small temperature. On the other hand, mini-black holes, such as the ones
theorized to emerge in high-energy particle collisions, are extremely hot due to the smallness of their

mass.

1.3.3 Quantum field theory in curved spacetime

The aim of this section is to develop the basic formalism of semiclassical gravity that is necessary in
order to derive the Hawking radiation spectrum in a following section. In the semiclassical treatment
of gravity, it is assumed that at energy scales much lower than the Planck scale it is a very good
approximation to treat gravity classically and matter quantum mechanically. This is realized in the
context of Quantum Field Theory (QFT) in curved spacetime [52-62] where one considers a classical
solution to the Einstein equations as the fixed curved background and performs QFT calculations on

it.

Consider the Equation Of Motion (EOM) for a free scalar field ¢ propagating in a curved background
described by a metric g,
gV, V,0=0. (1.61)
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In analogy to the usual QFT in flat spacetime, the canonical quantization proceeds by promoting the

field to an operator, imposing the canonical equal time commutation relations
[gb (t,xi) , b (tjyi)} =4 (x’ — yl) , (1.62)

and defining the Hilbert space upon which the operators act. The observable quantities are then

obtained as expectation values of their respective operators in this space.

We are specifically interested in the notion of particles which correspond to the positive frequency
excitations of the vacuum “defined” with respect to an observer’s time. In flat space, Lorentz in-
variance of QFT ensures that all inertial observers define the same vacuum and thus agree in the
particle content. In curved space, the vacuum state of the theory is not uniquely defined since Lorentz
invariance is replaced by general covariance and every observer’s proper time is a legitimate choice of
time with respect to which the vacuum may be defined. It is the non-uniqueness of the vacuum in

combination with the presence of an horizon that will result in the phenomenon of particle creation.

Let us now return to the Klein-Gordon equation for the scalar field, (1.61) and consider two complex

solutions f and h. We then define the Klein-Gordon inner product as
(o) = [ dSnag® o 7R = =iv=ag (£ 0= (0.5 (163)

where ¥ is a spacelike (hyper-)surface, n* is the (future-directed) unit normal vector to ¥ and we
indicate complex conjugation with the superscript “x¥”. Notice that due to the fact that f and h are
solutions to the EOM (1.61) the current in (1.63) is conserved (9,j* = 0). As a consequence, we
obtain the very important property that the Klein-Gordon inner product (f,h) is independent of the
choice of the boundary ¥

(f,h) 1, = (f,h) |8, ¥V 21, 5. (1.64)

In other words, the Klein-Gordon inner product is conserved. Since the vector n* is a future directed

vector, eq. (1.63) assumes the following simplified expression
(f, h) = _i/dx?x/—g (fii* - fh*) , (1.65)

where we used a dot to denote time differentiation f = 0y f. Consider now a complete basis of solutions
fw, which are orthonormal (f,, f./) = é(w — w’) with respect to the inner product (1.65). We may

then write the field operator in this basis as

o= [ o (aut v aliz) . (1.6
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in terms of the creation (a4') and anihilation (&) operators that obey the following commutation

relations
[a,,a] ] =0(w—u') , [a,as]=[al,a,]=0. (1.67)

The vacuum state of the theory (|0),,,) is defined by the condition
4,10, =0, Yw>0, (1.68)

where the subscript “in” is introduced for consistency with the discussions of the following sections.
By acting consecutively upon the vacuum state with the creation operator we obtain states that
contain particles. For example the state &/, [0) = |n) contains n particles, each with energy w. The

total number of particles in the state |n) is then calculated as usual, by means of the number operator
L 2t n
— (0laj N, al,"0),, =n. (1.69)

We can always expand the field operator in a second set of solutions to the Klein-Gordon equation
(pw, ps) as
A~ ~ T %
b= /dw (bwpw + bwpw> . (1.70)

In this basis, the respective creation (BL) and annihilation (b,) operators obey the following com-
mutation relations:
by, bl] = 8(w —w') , [bu,bu]=[bl,b]=0, (1.71)

and they define a vacuum state, different from |0), , by the condition

in’

b,10),,, =0, Yw>0. (1.72)

out

. . o out
From the ladder operators bL and b, we define the corresponding number operator N Zu that mea-

sures the particle content in an excited state of the vacuum |0),,,.

The two sets of modes (fy, f) and (pw, p};) are solutions to the same equation and constitute complete
orthonormal bases. It is then possible to relate the two sets by expressing one in terms of the other

in the following way:

Do = /dw’ (aw, fuor + B f:/) , (1.73)

and
fo= /dw' (1P’ — Burwbiy) - (1.74)

The quantities o » and S,  are the so-called Bogoliubov coefficients [63] and they can be isolated

from the above integrals by using the inner product (1.65) as follows:

Q! = <pw7fw’> ) ﬁww/ = _<pUJ7f:;/> . (175)
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They obey the following normalization conditions:

/dwk (awiwkaz;jwk B /Bwiwk :zjwk> = 6(wi B wj) ) (1'76)

and
/dwk (awiwkﬁijk - Bw,-wkaijk) = 0 . (177)

The Bogoliubov coefficients have been introduced to relate different sets of the field modes. Con-
sequently they can also be used to relate their corresponding creation and annihilation operators

as

a - / 0! (b + bl (1.78)
and

i)w = /dw, (Oé::w/éw/ — ﬁ:w/éll> . (179)
These last two equations are the most important expressions of this section since they make possible
the comparison between the particle content of a given state as it is perceived by different observers.

Finally, due to the fact that the basis functions are orthonormal, we have the following important

relation between the Bogoliubov coefficients:

/dw’ (s — 1B [2) = 8(w — o). (1.80)

Consider now the vacuum state with respect to the modes (f,;, f) namely |0),.. Then, obviously the

corresponding number operator N Zun = éL a,, gives zero particles for this state
(OIN,;[0),, = ala, =0. (1.81)

The ladder operators EL and i)w corresponding to the basis (pw,pl) of eq. (1.70) can be expressed
via eq. (1.79) in terms of the operators éj) and a, and in this way, the vacuum expectation value for
the number operator NZM = BL b, in the same state |0),, is

(0B, b,,[0);, = (O] [ dwi [ dewjlcr, 0,8l 8, — uw, Bl &L 4L, (1.82)

_/wai O‘wai é‘w]' éwi + wai B:)wl éwj éi)l] ‘O>Z7L .

The first three terms in the above equation are vanishing because they give zero when acting upon

the state |0),, and so we have

cout N ~
(OIN7"[0),, = / deordw;| B | (0|2, 41, 10) (1.83)
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After using the commutation relations (1.67) and relabeling the integration parameter w; — w’' we

finally obtain that

(O[NZ"[0),, = /dw’lﬂwwa : (1.84)

This is a striking physical consequence of considering QFT in curved spacetime! A state that is empty
of particles for one observer is interpreted as a non-vacuum state by another observer. An equivalent

way to interpret this result is that the gravitational field creates particles!

It is clear then by the form of eq. (1.84) that particles will be created whenever any of the coefficients

B’ are non-zero.

1.3.4 Particle creation by black holes

Hawking Radiation [48] is undoubtedly one of the most remarkable predictions of semiclassical gravity
and plays a pivotal role in providing the link between the laws of black-hole mechanics and classical
thermodynamics discussed in the previous section. In the absence of a complete theory of quantum

gravity, the Hawking effect emerges as a semiclassical phenomenon of QFT in curved spacetime.

In this section we will derive the famous thermal spectrum for the Hawking radiation emitted by a
black hole following along the lines of Hawking’s original work [48, 64]. We start by considering a
massless scalar field ¢, that propagates in the gravitational background of a black hole formed by
gravitational collapse (see Fig. 1.2). The scalar field’s equation of motion is
1

V=g
Sufficiently far away from the black hole we may write the field in terms of a complete set of orthonor-
mal solutions f,, of the EOM (1.85) as

Oy [V=39"0s9] = 0. (1.85)

o= [ do(foa+ s2al) (1.5

where the operators a, and éi, are the annihilation and creation operators respectively. With the
above decomposition of the scalar field we describe the incoming modes of the field originating from
past null infinity. The vacuum for these modes i.e. the ground state that corresponds to no incoming

particles is defined as usually via
a,|0)=0. (1.87)

Turning now to the near-black-hole region the field will be “mixed” in the sense that there will be field

modes moving towards the black hole and field modes moving away from it after scattering. = Thus
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F1GURE 1.2: Carter-Penrose diagram of a collapsing star that results in the formation of a black hole.
The shaded region corresponds to the interior of the star. Credit: [15]

we may write the field as
— ) «p T & * of
¢ - dw plbw + pwbw + qwcw + qwcw I (188)

in terms of the two sets of orthonormal functions p,, (outgoing modes) and ¢, (incoming modes)
that are also solutions to eq. (1.85). The corresponding creation and anihilation operators for these
solutions are E)L,él and b, ¢, respectively. The outgoing modes will eventually reach the distant

observer in the future and they may be expressed as a linear combination of the original field decom-

position in terms of the f, modes as

Puw = /dw/ (aw’wfw’ +5w’wf:;’) ) (189)

where the coefficients ay,,, and S, are the Bogoliubov coefficients. This last equation leads to the

following relation between the operators a, and Bw:
i)w = /dwl (a:w/éw/ - ﬁ:w/é{i,) . (190)

We thus conclude that the vacuum expectation value for the number operator of the outgoing field
modes i)L Bw will be given by
(01 by by, [0) = > |Buwr (1.91)
(JJ/

This last equation yields the total number of particles that are generated by the gravitational field
of the collapsing black hole, manage to escape the gravitational attraction and reach the distant
observer. It is clear that this number is determined by the Bogoliubov coefficient 8,./. We may now

take advantage of the spherical symmetry of spacetime and Fourier expand the solutions f,, and p,,
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as

F,(r) eV P,(r) ewv

Yi (0,0) , p= Y (0.6) 1.92
) i 00) = 22 (0.6) (192

in terms of the advanced and retarded coordinates given respectively by

=

v = t+r+2mlog|ﬁ—1\, (1.93)

X
= t—r—2mlog|— —1|. 1.94
u r—2mlog o 1] (1.94)

Consider now an outgoing field mode p,, at the location of the observer and trace it back to the near
black hole region. There, part of the field will get scattered by the gravitational potential of the black
hole and move again towards the distant observer with its frequency unaltered w. This part of the
field will contribute to the «a,,, Bogoliubov coefficient. The rest of the field that does not get back-
scattered by the potential will tunnel through it and as a consequence will be highly red-shifted due
to the intense gravitational field. This part of the field contributes to the 3.,/ Bogoliubov coefficient.
Then, if (1 —T') is the part of the field that back-scatters of the potential, the part that goes through

it will be I' and is explicitly given in terms of the Bogoliubov coefficients as

r= / (‘aww/P - ‘wa"z) dw' . (195)
0

The expectation value of the number of particles that are generated and escape to the location of the

observer are .
L (1.96)
0

while the following relation between the coefficients holds

|aww’| = 67rw/ﬁh ‘wa’ | (197)

Finally, after combining egs. (1.95) and (1.97) one obtains

n= o . (1.98)

T e2nw/kn 1

This last equation tells us that the energy profile of the particle flux generated by the gravitational
field of the black hole, as it is detected by a distant observer, resembles that of black body radiation
at temperature determined by the value of the surface gravity of the black-hole horizon kj,. More

presisely the temperature for the Schwarzschild black hole will be given by eq. (1.60).

As any thermodynamic system with temperature, black holes radiate by emitting particles in the form
of Hawking radiation (HR). The vacuum is constantly generating particle-antiparticle pairs that “pop”
into existence for a very short period of time before annihilating. The number of pairs generated is
larger in regions of spacetime where the curvature is more intense. Such a region is the vicinity of the

horizon of a mini-black hole. For large BHs the region close to the event horizon is relatively “flat”.
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When a pair of particles forms close to the horizon, the pair gets “pulled apart” by tidal forces and
the antiparticle may get absorbed by the BH. In this way, the mass of the black hole gets reduced by
the tinniest amount. The other particle of the pair is then able to move away from the black hole (if it
overcomes the gravitational barrier, that is) and as such a distant observer detects a flux of particles
originating from the horizon. Over time, through this process, the mass of the black hole decreases
until it eventually evaporates completely. This has lead to the information paradoz [65] since if the
black hole indeed evaporates completely in the final stages of Hawking radiation and no “quantum
gravity effect” prevents this from happening, all the information that went into the black hole during
its lifetime is lost. This is in contradiction with one of the most fundamental principles of physics,
namely the conservation of information. Chapters 2 — 4 of this thesis are dedicated to the study of
Hawking radiation emitted by the HD SdS black hole (1.27).

1.4 Extra dimensions

Gravitational theories that postulate the existence of extra spatial dimensions appeared shortly after
the formulation of GR by the pioneering works of Kaluza and Klein [66, 67] in an effort to unify
gravity with electromagnetism. In the late 90s, motivated by the hierarchy problem of gravity, the
so-called braneworld-models have emerged. In these models, our observable universe is thought of as
a membrane (upon which all regular matter is localized), embedded in a higher dimensional space
(which can be probed only by gravity and possibly exotic non-Standard-Model particles). Modern
theories that are candidates for a complete theory of gravity (string theory and variants of it), in fact

require the existence of extra spacelike dimensions beyond the three we observe.

While it is true that, even to date, there is no experimental evidence supporting the existence of extra
dimensions, we also have no reason to restrict our theories to only (3 + 1)-dimensional spacetimes;
after all Einstein’s GR is valid for an arbitrary number of dimensions. Thus, considering Higher-
Dimensional (HD) theories is interesting not only from a purely theoretical point of view but as a

means of possibly providing useful input for experiments aiming to detect them in the future.

Since the existence of extra dimensions drastically modifies the properties of black holes, it is the goal
of this section to provide a short introduction to the HD theories discussed above and to the HD
black holes.

1.4.1 The Kaluza-Klein idea

Attempts for unification via extra dimensional theories date back to the works of Kaluza and Klein

[66, 67] where they tried to unify gravity and electromagnetism by considering a flat 5-dimensional
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space M (4,1). The 15 Degrees Of Freedom (DOF) of such a metric can be decomposed into the usual
4D metric tensor (10 DOFs), a 4-vector that is interpreted as the vector potential of electromagnetism
(4 DOFs) plus a scalar DOF.

Since we observe only four dimensions in the universe the extra dimension should be “hidden” somehow
via a mechanism that reproduces effectively the 4-dimensional gravity we observe. To achieve this, as
Klein pointed out, the extra dimension (y) can be “curled up” to a circle of extremely small radius.
Mathematically this is realized via the “compactification” of the extra dimension that amounts to
imposing the periodic condition

y~y+2nkL, (1.99)

where k is an arbitrary integer and L is the radius of the circle of compactification. Indeed, if L is
very small® the extra dimensions cannot be observed and the world appears four-dimensional. More
precisely, the statement that the extra dimension remains hidden can be understood as follows. The
imposed periodicity (1.99) on the extra dimension causes the fluctuations of the gravitational field that
are called KK modes to have discrete masses that are heavier the smaller the radius of compactification

L is. To see this, we may expand the 5D metric as

iky

gun(@t,y) = e g n(at), (1.100)
k

where henceforth capital (lowercase) letters are used to denote indices that span the five- (four-)
dimensional spacetime respectively. Then it can be shown that the 5-dimensional space corresponds
to an effective 4-dimensional theory along with an infinite tower of fields with masses my = |k|/L.
Assuming then that the radius of compactification is small we get that the mass of the first KK mode
(k =1) is out of reach for the current particle detectors. In this way, only massless modes appear in

the low-energy effective theory and the metric can be considered independent of .

1.4.2 The brane world scenario

Beyond the Kaluza-Klein proposal, there are other theories that allow for a fundamentally higher-
dimensional (HD) universe to appear effectively as four-dimensional. This is achieved within the
context of the so-called braneworld models that first appeared in the late 90s. In the braneworld
models, the four dimensional universe we observe corresponds to a “membrane” that is usually termed
the brane embeded in a higher-dimensional space called the bulk. All standard model particles are

confined on the brane while gravity being the geometry of space itself “spreads out” to all dimensions.

The chronologically first brane-world model to appear [8-10] was the Arkani-Hamed-Dimopoulos-
Dvali (ADD) or equivalently the Large Extra Dimensions (LEDs) scenario. The motivation behind

50f the order of the Planck length.
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the formulation of the ADD model was the solution to the hierarchy problem. This problem refers to
the fact that gravity is many orders of magnitude weaker than the rest of the fundamental forces in
nature. In the ADD model it is assumed that the fundamental scale of gravity and the energy scales

set by the Standard Model (SM) of particle physics are essentially the same.

The explanation then as to why gravity appears weaker is that it is the only one of the forces that can
probe the extra dimensions of spacetime and as such it gets “diluted”. The extra dimensions can be
“large” in the sense that they are much larger than the Planck length. By virtue of Gauf’s law it can
easily be shown that the (fundamental) (4 +n)-dimensional scale of gravity M, and the 4-dimensional

one Mp are related in the following way:

1 he (R\" M?
n+2 _ = — P 1.101
M~ g <c> I’ (1.101)

where n is the number of extra dimensions and L is the length of the extra dimensions (for simplicity

all extra dimensions are assumed to be of the same length). In the last equality we have set h = ¢ = 1.

In the second brane-world scenario, [11, 12] called Warped Eztra Dimensions (WED) or Randall-
Sundrum (RSI, RSIT) model, the SM particles are still confined on a 3-brane while only one extra
dimension is sufficient to solve the hierarchy problem. The crucial difference between the WED and

¢

LEDs is that, in the former, the extra dimension is not flat but it is “warped”. The warping of the
extra dimension is supported by the presence of a negative bulk cosmological constant As. Another
important feature of the WEDs is that the extra dimension is Zo-symmetric and so the bulk is y-

symmetric around the location of the brane. The line-element is given by
ds? = e_Q‘yWana:“da:” + dy?, (1.102)

where [ = /—6/As5 is the AdS radius and 7, is the Minkowski metric. The function e 2/t ig called
warp factor. Due to the fact that the warp factor is en exponentially decaying function as we move

away from the brane at y = 0, gravity remains localized close to the brane.

In the first RSI model [11], the gravitational set up consists of two branes, one with positive tension
located at y = 0 and one with negative tension located at y = L. As with the Kaluza Klein model

the extra dimension is compactified with period L. The action for the model is

S=S,+5 +5 (1.103)

Sy = /daz4/dy\/g(5) <21§2 A5> , (1.104)
5

with
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where Aj is the cosmological constant. The contributions to the action by the two 3-branes located

at y = 0 and y = L with respective energy densities o1 , o2 and Lagrangians £; , Lo are

Sl = /d4x\/—791 ([,1 - 0'1) (1105)

and

Sy = /d%\/E(LQ —03) . (1.106)

In the second RSII model [12], Randall and Sundrum showed that it is possible to effectively obtain
4d-gravity with an infinite extra dimension L. In this picture the 3-brane located at y = L is sent to

infinity and is thus essentially removed from the setup. The action for RSII is

where the first and second terms in the above equation have been defined in eq. (1.104) and eq.

(1.105) respectively.

Higher dimensional black-hole solutions have been found already from the 60s [30, 68] where, as in
the LEDs brane-world scenario, the topology of the extra dimensions is flat, or uniformly curved due
to the presence of a bulk cosmological constant. The HD SdS black hole of eq. (1.27) belongs to this
class of solutions. On the other hand, in WEDs the richer topological structure of the model has, so
far, proven to be an insurmountable obstacle towards finding an exact analytic localized on the brane
black-hole solution in this context. The chapter 5 of this thesis is dedicated to the search for such a

solution in WEDs.



Chapter 2

Greybody factors for higher-dimensional
Schwarzschild-de Sitter black holes

Our understanding of black holes changed drastically in the mid-seventies when Steven Hawking
considered quantum field theory in curved spacetime and realized for the first time that black holes
are not the perfect absorbers they were considered to be [48]. He found that in fact black holes
evaporate by radiating particles with a perfect black-body spectrum at the Hawking temperature T},
exactly at the location of the event horizon when backreaction effects on the background are ignored
[69] . The emitted particle flux though has to transverse a non-trivial curved spacetime background
until it reaches the distant observer; by that time, the frequency profile of the spectrum is modified

to the famous Hawking spectrum that for massless bosons has the following form:

P2E 1 N |APw

D )l s 2.1
dtdw  2m & exp(w/Tp) — 1 (2.1)

The above gives the energy emitted per unit time and unit frequency by the black hole. Also, w is
the energy of the emitted particle, NV; is the multiplicity of states with the same angular-momentum
number and T}, is the temperature of the black hole. The term |A|?> encodes all the information
about the deviation from the Planck spectrum and has been dubbed greybody factor (GF). For pure
black-body radiation the GFis a constant and equals the surface of the emitting body while in the
case of a black hole it depends on the properties of the emitted particle species and the geometrical
background. The main objective of this chapter is to obtain an analytic expression for the GF of
spherically-symmetric, uncharged black holes in the presence of a positive cosmological constant in
d = 4 + n dimensions. We focus on the emission of massless scalar particles that are non-minimally
coupled to gravity and derive the corresponding GF both for bulk and brane propagating fields for

an arbitrary angular momentum parameter of the field.

We start by introducing the higher-dimensional black-hole geometry, we obtain the brane-induced
metric by projection and study the causal structure to determine the event horizons of this spacetime.
Then we solve the equations of motion (EOM ) of the scalar field employing an approximate technique
of matching its solutions at the two asymptotic radial regimes. The derived complete solution then
allows us to compute the GF. Finally we study in depth the profile of the GF in terms of all four
parameters that govern the emission namely, the number of extra dimensions n, the cosmological
constant A, the angular momentum number of the field I and the non-minimal coupling parameter .

Also, the low-energy limit of our analytic expressions is thoroughly investigated.

29
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2.1 The (4 + n)-dimensional Schwarzschild-de Sitter black-hole

2.1.1 Gravitational background

Under the assumption that our universe is fundamentally higher-dimensional and the ever-increasing
observational confirmation [70-82] of its expansion at an accelerated rate we are led to consider
the Einstein-Hilbert action in D = 4 4+ n dimensions, supplemented by a positive bulk cosmological

constant term A

Sp :/d4+"x\/$ <RD —A> . (2.2)

2
The determinant of the metric tensor Gy is G while the higher-dimensional gravitational constant
/1% = 1/M2*" is related to the fundamental scale of gravity M,. Finally Rp is the D-dimensional
Ricci scalar. The observed value for the cosmological constant is A ~ 107°2m~2 although in our
analysis we will not be restricted to this specific value but rather consider different values for A
Employing the principle of extremal action, the variation of (2.2) with respect to the inverse metric

tensor yields the Einstein equations
1
RMN—EGMNRD = —/QQDGMNAEK;QDTMN (2.3)

where we have identified the r.h.s. of the gravitational equations as the bulk energy-momentum tensor
Tan. To calculate the Ricci scalar one can simply contract (2.3) with GM¥ to find that in n extra
dimensions it is given by the following expression:

2(n+4) ,

Rp == === KbA. (2.4)

Notice that it is directly proportional to the cosmological constant. Let us now assume a general
ansatz for a (4 + n)-dimensional spacetime that is spherically-symmetric and static i.e. there are no

time-space mixing terms. Then the line element in such a coordinate system will be

d 2
ds®* = GyndzMda™ = —h(r) dt* + Wi) +72d03,, (2.5)

where d3 +n is the surface element of a (2 4 n)-dimensional unit sphere given by
dQ%_m = dﬁiﬂ + sin? 0,41 (d@i + sin% 6, ( .. + sin” By (dOF + sin? 0 dp?) ... )) , (2.6)

with 0 < o <27 and 0 < 0; <7, for i =1,....,n+ 1. In concord with the spherical symmetry of the

spacetime, the metric function' h(r) is a function of the radial coordinate r only and we choose to

1Sometimes also referred to as the “gravitational potential” because in the weak field limit the gop metric component
is related to the Newtonian potential.
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introduce the n extra space-like dimensions in the form of n additional azimuthal coordinates ;. In
order to specify the functional form of h(r) we need to use the Einstein equations (2.3). To this end,
we substitute (2.5) into (2.3) and recover the Tangherlini solution [30] describing a (4+n)-dimensional

black hole in the presence of a cosmological constant term

7 2k2, Ar?
h(r)=1- — . 2.7
(r) rrtl (n+3)(n+2) 27)
The mass parameter p is related to the mass M of the black hole through the relation [68]
22 M or(n+3)/2
p= DI A= (2.8)
(24+n)Asip I'[(n+3)/2]

where Ay, is the surface area of the (2 + n)-dimensional unit-sphere.

The line element (2.5) with the metric function (2.7), corresponds to the (4 + n)-dimensional gen-
eralization of the Schwarzschild-de Sitter (SAS) solution that describes the gravitational field in the
exterior of a spherically-symmetric, uncharged mass in the presence of a positive cosmological con-
stant. The invariance of the metric under time translations indicates that the spacetime admits a

Killing vector field K* ~ 0, that is time-like in the region of spacetime where h(r) > 0.

In the limit A — 0 the last term in eq. (2.7) vanishes and h(r) becomes that of an asymptotically
flat (4 + n)-dimensional Schwarzschild black hole. On the other extreme limit ¢ — 0 the black hole is

“removed” from the setup and we are left with the pure higher-dimensional de Sitter space.

We have thus far introduced the geometry of the higher-dimensional black hole and a few important
comments are in order regarding the fitness of the above metric to adequately describe the Hawking
radiation process which is the ultimate goal of this study. Hawking radiation, as we discuss in the
introduction, is a semi-classical effect where quantum fields are considered on a classical gravitational
background and result in the black hole radiating particles in a very specific way. Of course, each of
the particles emitted strips the black hole of an amount of energy equal to the particle’s total energy
thus reducing its mass and in turn altering the metric upon which the particles propagate. The line
element (2.5) is indeed a good approximation to the black-hole background as long as the energy
carried away by the field is much smaller than the black-hole mass because only then can we neglect
the back-reaction of the particle emission on the spacetime. For the purposes of this study we assume

that this is always the case.

The second point we wish to clarify is the following. In order for this black hole to be a higher-
dimensional object, it has to be fully submerged in the higher-dimensional space. This means that
the black-hole radius 7, has to be much smaller than the characteristic length scale of the extra

dimensions? L otherwise the black hole is effectively four-dimensional. Also, rj, has to be much larger

2Here, for simplicity we assumed that all extra dimensions have the same length scale.
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than the Planck scale [p so that we can safely ignore quantum-gravity effects. Eventually the black-
hole radius is assumed to satisfy {p < r, < L. This observation, combined with the upper limit for
the size of the extra dimensions today, makes clear that the black holes we study in this work are
not of astrophysical size but rather miniature black holes that could possibly be created in present or

future particle accelerators with sufficient center-of-mass energy higher than the fundamental Planck
scale M, [83].

In the brane-world theories [8-12] the standard model fields are confined on the brane, in order to
avoid conflict with observations, while gravity is free to probe the extra dimensions. Then, for fields
localized on our observable brane universe the geometry is not described by the line element of (2.5)

but rather by a projected-on-the-brane metric. The projection of the bulk metric onto the brane is

achieved by assigning to all the extra coordinates the value 5. This way the surface element of the

unit-sphere reduces to the usual four-dimensional one and the induced metric on the brane is

dr? 2 2 .2 2
—— + 77 (df” + sin” 0 dp?) . (2.9)

2 _ BV — 2
ds® = gudatdx h(r) dt* + B

Finally by performing a direct computation one can verify that the Ricci scalar derived from (2.9) is

24k4 A n(n—1)u

Ry —
* (n+2)(n+3)+ rnt3

(2.10)

Notice that the projection procedure does not affect the functional form of A(r) and in this way the
effect of the extra-dimensions still enters the geometry of the brane via the metric function. A direct
consequence of this is that both line elements (2.5) and (2.9) will share the same causal structure the

study of which is the subject of the following section.

2.1.2 Causal structure

To find the locations of the horizons for a given spherically-symmetric spacetime one has to solve
g"" = 0 because at these radii the timelike Killing vector % becomes null [15]. So the condition we
are looking for is the vanishing of the metric function

1 2k3, Ar?

Tl (n+3)(n+2) =0 (2.11)

h(r)=1

In general this algebraic equation yields n + 3 roots corresponding to multiple horizons of the higher-
dimensional spacetime which at first glance may seem to lead to a very complicated causal structure.
Thankfully, not all of these roots are real and positive and thus some of the solutions are non-physical

and are discarded. To simplify things even further one can restrict the parameter space of (n, A, i)
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in such a way that the following condition is always respected:

4(71, + 1)(n+1)

24 (n+1)
A (n+3)@+d)

N

(2.12)

where we have defined A = 252 A/(n +2)(n +3). Then, only two real and positive solutions to (2.11)
exist [84-86] with the smaller one corresponding to the radius of the black-hole horizon r, and the

larger one to the cosmological-horizon radius r..

We are interested in events that satisfy r, < r < r. so we deal with observers located in the causal
part of spacetime between the two horizons. In this region the metric function is positive and thus
the space-like (time-like) character of the spatial (temporal) coordinates is preserved while outside
the horizons i.e. at (0,rp) U (r¢, 00) the sign of h(r) is reversed along with the causal character of the
coordinates and thus the spacetime is dynamical. In our analysis we shall work in units of 7, and this
effectively sets r, = 1. For example the cosmological constant will be measured in units of r,:Q and
in the plots that appear throughout this thesis the energy will be parametrised by the dimensionless

quantity wry,.

To better understand the behavior of the metric function h(r) (2.7) in Fig. 2.1 we fix the black-hole
mass parameter 4 = 1 and the number of extra dimensions n = 2 as the value of the cosmological
2

constant A varies from A = 10*57';2 to A = 10*17",: Care has been taken so that the values

considered for ;1 and A are compatible with the constraint (2.12).

Recall that the locations of the two horizons correspond to the roots of h(r) and so in Fig. 2.1(a)
the radii at which the curves meet the horizontal axis are the locations of rj, and r.. As A grows,
the two horizons are located closer to each other and thus the causal space becomes smaller (in this

coordinate system [87]) until a critical value A, is reached and the two horizons apparently coincide

A=10""1
A=1072]
A=10"3
A=10"* ]
A=10"5]
"% 10 20 30
r/ry

(a)

FIGURE 2.1: The metric function (2.7) for 4 = 1,n = 2 and (a) various values of the cosmological
constant A. (b) The location of g (black curve) for all values of A € (107°,1071).
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| » ot [2[3[4]5 |
| Acrit(r,?) [ 044 [ 150 | 3.26 | 5.77 [ 9.09 | 13.23 |

TABLE 2.1: Indicative values of A+ for p =1 and for n € [1,5] N Z.

(See appendix A) when
271, A+ 1Y
H Acrit (n+ 3)(n+3) ’ (213)
Some indicative values of A..;; for various n and for 4 = 1 are given in Table 2.1. For even larger
values of the cosmological constant, the condition (2.12) is violated and thus (2.5) ceases to describe

a black hole since there are no horizons.

By inspection of Fig. 2.1(a) it is evident that the metric function (2.7) always exhibits a global
maximum at some radius rp < rg < r.. This can also be seen in Fig. 2.1(b), where we plot the metric
function for all values of A € (107°,1071) and the black curve corresponds to the location of rqy in
each case. The exact value of 7y can be easily calculated as it corresponds to the vanishing of the first

derivative of the metric function and has the following expression:

(n+1)(n+2)(n+3)p Y0

4,%2DA

ro = (2.14)

The importance of this radius is that the metric function satisfies h(rg) ~ 1° and actually this becomes
an increasingly accurate approximation as A becomes smaller, something one can also verify from Fig.
2.1. An observer O located at g in SdS will resemble the asymptotic Minkowski observer M located

at r — oo in a pure-Schwarzschild geometry where the metric function is

I

ham(r) = jl\iin>0 ho(r)=1-— e (2.15)
and so it is clear that
ho(re) = 1 = hp(r — 00). (2.16)

For O, the gravitational attraction of the black hole and the repulsion of the cosmological constant

cancel out and so O is a non-accelerated observer exactly like M.

The cosmological horizon radius 7. has been identified with the largest of the two roots of the metric
function. It is interesting to quantify how much larger r. is than the black hole radius r, for a given
A and n. To this end, in Fig. 2.2(a) we have fixed the mass parameter of the metric function to u =1
and computed numerically the value of the ratio of the horizon radii r./rp as A ranges from A =0 to
A = 6 (in units of 7, ) for several values of the number of extra dimensions. The feature that emerges

from this figure is that the larger the number of extra dimensions (n), the further away r. is located

3This feature will play an important role in our discussion in chpt. 4 about the various proposals made for the proper
definition of the temperature for the Hawking radiation process in asymptotically de Sitter spacetimes.
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from rp, for the same value of A. So we conclude that the causal region of spacetime available to the
SdS observer increases with n. As A increases, the ratio becomes smaller until the two horizons are
identified (r./rp, = 1). Thus one realizes that in contrast to the asymptotically flat case where a black
hole can be indefinitely large, the presence of a cosmological constant sets an upper limit to the size

of the black hole [88, 89]. This limit corresponds to the extremal SdS or Nariai solution [90] .

In Fig. 2.2(b) we fixed again the parameter ;1 = 1 and for an arbitrary number of extra dimensions n =
1 we plot the variation of the black-hole horizon radius depicted with the red curve, the cosmological
horizon with the purple curve and the “unaccelerated observer” radius rg with the blue curve as A
ranges from A = 07"}:2 to A = 1.57“;2. For small values of A we see that the black-hole horizon
radius approaches the pure-Schwarzschild radius since the cosmological term contribution to eq. (2.7)
becomes negligible in this limit. The observer at the special radius rq is located further away from
the black-hole horizon r, the smaller A is and approaches the asymptotic observer at infinity in the
limit A — 0. As A increases, r. and rg decrease rapidly at first and then their decrease rate becomes
milder while 7}, exhibits a mild increase through-out the range of the allowed A values. A possible
interpretation to the latter could be the increase of the internal energy contained by the black hole
[91] as the vacuum energy density increases with the cosmological constant. For A = 1.57‘52, the
maximum allowed value for the cosmological constant (2.13) subject to the constraint of eq. (2.12)
has been reached and the two horizons coincide with rg. Thus we have the apparent “vanishing” of

the causal volume of the observable universe (since (. — rp) — 0).

10
—
8 —
6 (rc_rh) 4
—
4,
2,
0 - - - - - 0 e S
0 1 2 3 4 5 6 0 02 04 06 08 1.0 12 14
A A
(a) (b)

FIGURE 2.2: For fixed mass parameter u = 1, (a) the ratio r./ry as A varies in the range (1,6) for
n € [1,5] NZ, and (b) the values of rp,,r.,7g and 7. — 1, for n =1 and A € (0,1.5).
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2.2 Scalar field scattering on the brane

2.2.1 The effective potential

Having specified the geometry of the higher-dimensional curved spacetime, the next step is to introduce
the field theory on it. The propagating field will interact with the black hole by means of scattering
on the effective potential generated by the non-trivial spacetime curvature [92-94]. Computing the
transmission probability of this process will then allow as to obtain the greybody factor. We focus
on a free scalar field (that is to say we will not include a self-interaction term in the action) that is

massless but couples non-minimally to gravity through an interaction term with the Ricci scalar.

We will first study the case of a brane localized field since it is the phenomenologically more interesting

one. The action for brane-bound fields with the features described above reads

1
Si=—3 / d'z/~g [€8°Ry + 9" 0,2 0,9] | (217)

where the induced metric is given in eq. (2.9), the Ricci scalar in eq. (2.10) and the strength of the
field coupling to gravity is parametrised by £. Varying the action (2.17) we obtain the field equation
of motion (EOM ) on the brane

1
—— 0, (vV—99"0,P) =R, D 2.18
Notice at this point that the form of the right-hand-side (r.h.s.) of eq. (2.18) can be interpreted as
an effective mass term for the field and taking also into account the expression for the Ricci scalar

(2.10) we can see that the “mass” of the field becomes larger with the parameter A while it vanishes

in the asymptotically-flat (A — 0) and minimal-coupling ({ — 0) limits.

Because we are dealing with a spherically symmetric spacetime the radial part of the eom is the one
that encodes all the important information of the field propagation and is naturally the one we are
interested in. So in order to decouple the radial part we introduce the following factorized ansatz for
the field:

O(t,r,0,0) =e “ R(r)Y(0,¢), (2.19)

where w is the energy of the emitted particle, R(r) is the radial part of the field while the angular
contribution to the field enters through the scalar spherical harmonics Y (0, ¢). Applying the standard
method of separation of variables, the angular EOM corresponds to the eigenvalue equation of the
spherical harmonics with eigenvalue (I + 1), where [ is the angular momentum quantum number of

the emitted particle or field mode. The form of the radial part of the field R(r) is thus dictated by
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the decoupled differential equation

—¢R4|R(r)=0| (2.20)

1 d [h(r)rz dR(r)] N [ w2 l(l+1)

r2 dr dr h(r) 2

This is the “master equation” for the calculation of the greybody factor for scalar fields with arbitrary

[ and £ and for any values of the spacetime parameters n and A.

Before we proceed to the solution, we will study the profile of the effective potential induced by the
spacetime curvature upon which the field scatters. The importance of this study is twofold. First and
most importantly, the barrier is the physical reason behind the form of the Hawking spectrum and
thus deserves special attention. Second, many of the qualitative features of the GFwill be encapsulated
by the shape of the potential. For example the higher the potential barrier the smaller the GFwill
be. This inverse relation between the two is due to the fact that the greybody factor corresponds to
the absorption probability for an incoming wave to be absorbed by the black hole after it scatters
on the barrier. One can prove [31, 93, 94] that the absorption probability of this problem equals the
transmission probability for a wave that emanates from the black-hole horizon and impinges on the

effective potential in order to overcome the barrier and contribute to the Hawking radiation.

To specify the expression for the potential we can recast (2.20) into an one-dimensional Schrédinger-
like equation and in this way obtain the potential term. After the field redefinition u(r) = rR(r) and

using the tortoise coordinate r, that was introduced by Wheeler and is related to r via

B dr
Ty = /h(r)’ (2.21)

we obtain

d?u(r)

S5 Ve u(r) = w?u(r). (2.22)

The effect of the tortoise coordinate is to “push” the locations of the horizons to infinity since it maps
the finite radial coordinate interval r € [rp, r] to the infinite r, € (—o00, 00). So the black-hole horizon
is located at r, — —oo and the cosmological one at r, — co. Equation (2.22) is of the same form
as the one derived by Regge and Wheeler in their investigation of the stability of the Schwarzschild

black hole [95] against linear perturbations and is often referred to as the Regge- Wheeler equation.

Thus the potential that a brane-confined massless scalar particle with angular momentum quantum

number [ has to overcome is

v i[5 g, 10
P (2.23)
=h(r) {l(l; D (4n i/;()?i—i-?) 7“7513 [(n+1)+&n(n — 1)]} ,

where in the last step we have substituted (2.10) and (2.7).
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This potential “filters” the particle flux generated on the black-hole horizon giving rise to the Hawking
spectrum for a distant observer. Omnly a portion of the emitted black-body radiation manages to
overcome the barrier (either by having energy larger than the peak of the potential or via quantum
tunneling) while the rest gets back-scattered into the black hole. The barrier depends on both the
spacetime properties n and A as well as on the field parameters [ and . Perhaps the most important
feature of the potential is its proportionality to the metric function h(r). On the location of the
horizons we have seen that the metric function vanishes and as a consequence in the vicinity of the
horizons the height of the effective barrier is negligible and the field is free. This enables us to express

the solution to (2.22) as a superposition of free plane waves.

In (2.23) we see that the shape of the gravitational barrier is determined by the following 5 parameters:
the black-hole mass parameter p, the number of extra spacelike dimensions n, the angular momentum
number [, the non-minimal coupling £ and the cosmological constant A. We can use the condition
that determines the locations of the horizons to reduce the number of parameters upon which the
barrier depends by one. At the location of any of the two horizons (which we collectively denote here

with a subscript “/”) we can solve for the mass parameter p and have

2k% Ar?
h(r;) =0 e e O B 2.24
() =0 o= (1= ) (224
So, using (2.24) evaluated on the black-hole horizon 7, = 1 we can eliminate p and thus study the

dependence of the effective potential eq. (2.23) on n,1,& and A.

The impact of [ on the potential is evident by inspection of (2.23). The peak of the barrier assumes its
lowest value for [ = 0 while for particles with larger values of the parameter [ the height increases and
this means that they are less probable to overcome the barrier, reach the observer and contribute to
the radiation of the black hole. This can be attributed to the spherical symmetry of the background
that favors the also spherically-symmetric lowest mode with [ = 0. This is the reason why this field
mode is often referred to as the dominant mode. The effect of the other three parameters on the form

of the barrier is less evident and so the best way to reveal their effect is to plot the potential.

For the dominant mode of the field with £ = 0.5 and A = 0.01, in Fig. 2.3(a), we present the profile
of the effective potential as the number of extra dimensions assumes the values n = 0,1,2,3,4,5,8.
We notice that the height of the barrier increases with the increase of n and this will in turn lead to
the decrease of the emission of brane-localized scalar particles as was also shown in [96]. Regarding
the effect of the non-minimal coupling £ in Fig. 2.3(b) we observe a similar behavior since the barrier

also increases with &.

Next, in Fig. 2.4, we study the effect of the cosmological constant A on the barrier for the dominant
field mode (I = 0) in the case of two extra dimensions (n = 2). The effect here is subtle and to
this end we present a plot focusing on the peak of the barrier to better depict this. For minimally

coupled fields, Fig. 2.4(b), the barrier is lowered with an increase in A and thus the particle emission
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of the peak area for (b) £ =0, (c) £ = 0.67 and (d) £ =0.8.

is enhanced. As ¢ is “switched-on” the emission-enhancing effect of A weakens as Fig. 2.4(a) and

2.4(c) with £ = 0.5 and £ = 0.67 respectively show. Finally for even larger values of ¢ as in Fig. 2.4(d)

the role of the cosmological constant is reversed and now the effective potential height increases with

A.
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2.2.2 The analytic solution

In this section we proceed with the computation of the greybody factor. The idea is to solve the
EOM for the scalar field (2.20) and then express the solution in terms of incoming and outgoing
plane wave modes, far away from the black-hole horizon, i.e. close to the cosmological horizon. The
greybody factor can then be obtained through the ratio of the amplitudes of the waves. Unfortunately
to obtain an exact analytic solution to eq. (2.20) is an extremely difficult task* and to our knowledge
this has been achieved only in special cases (see for example [97]) albeit under fine tuning of the
parameters. We can solve this equation by employing numerical techniques and in fact we are going
to do so in the next chapters in order to calculate the exact form of the greybody factors valid for any
value of the parameters and throughout the energy range of the emitted particle. Still the analytic
calculation is deemed necessary in order to better grasp the physics of the problem and obtain the

boundary conditions we are going to use for the numerical solution.

To solve eq. (2.20) analytically we need to invoke an approximate scheme. A long-used approximate
method employed in calculations of field scattering by black holes was first introduced by Unruh in
1976 [98] and later used by a series of other authors to solve the Klein-Gordon equation in various

black-hole space-times, asymptotically-flat or not (see [99-102] for some indicative works).

In this scheme, assuming that the two horizons are located sufficiently apart, the EOMis solved
independently in the vicinity of each of the two horizons. This can be achieved after suitable field
and radial coordinate redefinitions that recast the radial differential equation to a familiar equation
with known solutions. The two sets of solutions are then smoothly matched in the intermediate region
between the horizons to ensure the existence of the complete solution. This is achieved by expanding
the asymptotic solutions and identifying the same power terms of the two expansions. In using this
method, the parameter space has to be constrained in one hand in order to obtain the solutions close
to the horizons and on the other hand for the matching of the solutions. As a consequence the validity
of the approximate analytic expressions is rather limited. This approximation procedure is termed

method of matched asymptotic expansions.

Previous studies that solved (2.20) analytically using the above approximate method were limited in
the case of the dominant mode (I = 0) for a minimally-coupled scalar field in (4+n) dimensions or for
a non-minimally coupled scalar field (£ # 0) [93, 96] and arbitrary angular momentum number [ but
in 4 dimensions [99]. In our analysis we deal with the most general case by considering non-minimal

coupling £ in combination with arbitrary values for [ and n.

In order to solve (2.20) close to the black-hole horizon the approach followed so far was to neglect the
effect of the cosmological constant in that region in order to simplify the analysis. We have managed

to solve the radial EOM in this regime without discarding A and thus to obtain more accurate analytic

4Even for the simplified form of the equation with £ =0 or A = 0.
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results. To do so we found out that the appropriate redefinition for the radial coordinate is

h(r)
T — r)=————, 225
f =2 (225)
where, recall that we have previously defined A = 2x%A/(n+2)(n+3). For the rest of our analysis we
shall also set %, = 1. The new radial function close to the black-hole horizon behaves as f(r ~ r) — 0

because it is proportional to the metric function. On the other hand, the r.h.s.of eq. (2.25) can be

B 1 1 B rh ntl (1-— Ar,%)

expressed as

thus, far away from the black-hole horizon where we have r > 7y, f(r) = 1. An important relation

that the derivative of f(r) satisfies is

df _1-f A(r)
dr  r 1—Ar2’

(2.27)

where we have defined A(r) = (n +1) — (n + 3)Ar2.

We are now ready to rewrite the radial EOM (2.20) in terms of the new radial coordinate f(r) close

to the black-hole horizon as

d*R(f)
df2

dR(f) [ (wrn)? (11— Ar})

fa=y TR AT TR T

+ (1= Bnf)

R(f)=0. (2.28)

We used the (super-)subscript “h” to indicate quantities evaluated at r = 7, and we have also defined

for reasons of convenience the following factors:

4117",21

Bh=1+—(1-Ard)+ 2 =1+ ) + R (2.29)
h

A

Regarding the form of the term in the square brackets of eq. (2.28), see appendix B. Under the

following field redefinition:

R(f) = f (1= H*F(f), (2.30)
we can finally recast (2.28) in the familiar form of a hypergeometric differential equation

d*F(f)
df?

Fler— (14 a1+b1) f] ‘”:lj(f) by F(f) =0, (2.31)

fa=r)
if we further identify

a1 =ao1+ 01+ Bp—1 b1 = a1 + f1, c1=1+42qa;. (2.32)
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The general solution of (2.31) in combination with the redefinition (2.30) yields the radial part of the

field in terms of the coordinate function f(r)

Rpu(f) = A1 f* (1 — £)% F(a1, b1, c1; f)

+ Ay fr U (1—f)BlF(al—01+1,bl—01+1,2—01;f), (2.33)

where the coefficients A; 9 are arbitrary constants to be determined by the boundary conditions we
will impose on the solution. In order to have the complete solution in the near black-hole horizon
regime we have to also specify the values for the power coefficients a; and ;1 of eq. (2.30). To do this
we need to solve a set of equations that result from the requirement that the term multiplying F'(f)
in eq. (2.31) does not depend on f since only then we have the form of a hypergeometric differential

equation. The set of these two equations is the following;:

2,2
wry,

A

2
Oél+

=0, (2.34)

and -
WQ’"}% B Ap (1 — Ar%)

By + B1 (B, —2) + e yv =0, (2.35)
with the corresponding solutions being
alt) = iiXLh , (2.36)
and _
= iy O] 231)
h

Close to the black-hole horizon the new radial coordinate f(r), as we have already seen, goes to zero
and so we can use one of the properties of the hypergeometric functions, namely F'(a,b,c;0) =1 to
rewrite (2.33) as

Rpu(f) = Ay [ + Ap 7. (2.38)

Since the coefficients A; and Ay are arbitrary we are led to conclude that the two solutions for a;
(2.36) are equivalent. The reason being we can always interchange A; with As in eq. (2.38). Also,
due to the vanishing of the effective potential on the horizons of SAS we can express the field as a

general superposition of free plane waves in terms of the tortoise coordinate namely
Rpr(ry) = Ay e ™™ + Ay ™™ (2.39)

Then we can see that (2.38) and (2.39) coincide if f oc e»™/™  so choosing the positive or negative

sign of a; corresponds to interchanging the in-going with the out-going field modes on the black-hole
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horizon. All we have to do then is to simply choose one of the two solutions. We shall choose

—inh

Ap

ay = . (2.40)

Turning now to the power coefficient 1 the way to pick one out of the two solutions in (2.37) is to

use the convergence criterion for the hypergeometric function,
Re (Cl —ay; — bl) > O, (2.41)

which is satisfied if 8, = Bl(_). Thus we have completely specified the solution close to rj,. Finally a
boundary condition we should impose on the solution close to rp stems from the natural requirement
that exactly on the location of the horizon there can only be in-going field modes. This amounts to
setting A2 = 0 in eq. (2.38). Of course a second boundary condition can be used in order to specify
the remaining arbitrary coefficient A; but in fact this is not necessary in deriving the GF because it

cancels out of the equations. So to simplify the expressions one can simply set A; = 1.

Next we focus on the cosmological horizon regime. There in order to bring the radial EOM to a familiar
form we work along the lines drawn in previous studies [93, 99] and apply the following approximation

to the metric function

(n+1) (n+3) ~
h(r)=1- (”) — Ar? [1 — (“) ]g 1—Ar?, (2.42)

T T

where we have once again substituted the mass parameter p via (2.24) evaluated at r. By using this
asymptotic de Sitter approximation we neglect the effect of the black-hole mass close to r.. This is
indeed a well-justified approximation if the two horizons are located far away from each other and
in fact it becomes more accurate the further away r. is located from r,. Another factor that acts in
favor of the increased validity of the approximation of eq. (2.42) is the value of the parameter of the
number of extra dimensions n. This is due to the fact that in the neighborhood of r. we have r > ry,

and thus for larger values of n the term 7, /r gets heavily suppressed.

Under the radial coordinate transformation r — h(r) ~ 1 — Ar2, eq. (2.20) assumes the following

form:
R 5 VAR 1 [ (wre)? I(1+1) ©2|p_
h(l—h)dh2+(1—2h)dh+4[ o SR TC}R—O, (2.43)

where Rflc) is the 4-dimensional Ricci scalar (2.10) evaluated at r = r.. This time, to bring the
EOM in the form of a hypergeometric equation we redefine the field as R(h) = h®2(1 — h)?2 X (h) and

the hypergeometric indices thus have the following expressions:

3. /9 ¢RI
_ 3.9 &hryre 2.44
az = o + B2 + 1 + 16 i (2.44)
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_ 3_ ]9 &R
by = g + B2 + 1 16 i

co =14 2as. (2.45)

As for the power coefficients s and (o, they are determined by the set of equations

ol + w24r3 ~0, (2.46)
and
B§+522—l(l11) ~0, (2.47)
with solutions .
ol = i“‘;’"c e i —1+ (2 + 1)} . (2.48)

Then, in the neighborhood of 7. the general solution for the radial part of the field is given in terms

of hypergeometric functions we denote here with X (h) as

Re(h) =By h®2 (1 — h)?2 X (ag, ba, c2; h)

(2.49)
+ Boh ™2 (1—h)2 X(ag—co+1,bg —ca+ 1,2 — cp; h),

where once again the coefficients By and By are arbitrary. The vanishing of h(r) as the cosmological

horizon is approached results in the following expression
Rc(h) ~ By h®? + Ba h™? (2.50)

where the properties of the hypergeometric functions have been employed once again. Also, close to

r. the vanishing of the effective potential allows for expressing the solution in the form of free plane

—2ry/Tc

waves in terms of the tortoise coordinate. For h = e we can write (2.50) as

Rc(’r’*) ~ B, e:Fiwn + By e:l:iwr* (2‘51)

()

In regard now with the power coefficients o, ", as was the case in the r; neighborhood, choosing the
positive or negative solution simply interchanges the in-going and out-going modes on r.. On the

cosmological horizon, we can have both sets of modes, in contrast to the black-hole horizon where

we imposed the purely-in-going-modes condition . Then upon selecting ao = oz2(+), the coefficient By

(B2) corresponds to the amplitude of the incoming (outgoing) wave and so the greybody factor is

given by the ratio of the coefficients as

2
AP =1- |2

B (2.52)

Finally since the solution (2.49) has to converge we are led to choose 82 = —(I + 1)/2 for the second

power coefficient and thus fully determine the r. asymptotic solution to the radial EOM .

The analysis so far boils down to two solutions of (2.20), each being valid close to one of the two
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causal boundaries of the SdS spacetime. In order to guarantee the existence of a full solution for
all 7 in rp < r < r., we must make sure that these two asymptotic solutions (2.33) and (2.49) can
be smoothly “sewn” together at some intermediate value of the radial coordinate r. For this to be
possible the parameters of the system, unavoidably, have to be subject to further constraints. Before
we can derive these constraints though we must first “stretch” the asymptotic solutions towards the
intermediate regime. In the near-r; solution we take the limit r > 7, (or in terms of the new radial
coordinate of (2.25) f — 1) and in this way “strech” the solution to large values of r. We use the
following hypergeometric function property [103]:

Pl s5) = e

c—ab L) T(a+b—c)
g D) T(0)

to change the argument in (2.33) (with A2 = 0) from f to 1 — f. Then in terms of r the “stretched”

F(a,ba+b—c+1;1—1x)
. (2.53)

Fc—a,c—bc—a—b+1;1—1x),

solution is

~ I'(ci)T(ar+b1—c1) (7 —(I+1)
Rpu(r) ~A; I'(a1)T(by) <7“h>
T(e)T(c1 —ar —by) [\ .
+ Ay I'(c;1 —a1)T(er — by) (rh>

=31 T’i(lJrl) ) .

In deriving the last equation we had to use the following approximations valid for small cosmological

constant A and coupling constant &:

(1-f)P ~ <@>51(n+1> ~ <T>l (2.55)

and

92— By—B1)(n+1 —(+1)
(1— f)ﬁ1+01—al—b1 ~ (EL)( n=A)(n+1) ~ (7’) , (2.56)

T Tn

since in that limit it holds that: Ap ~ (n+ 1), B, ~ (2n+1)/(n+ 1) and p; ~ —1/(n + 1). Note
that we only applied these approximations in the powers of the factors (1 — f) and not in the gamma

function arguments. This way we expect to have an increased validity for our analytical results.

On the near-r. solution the corresponding “stretching” aims to extending the solution (2.49) towards
r < rc. To do this, we shift the argument h — 1 — h using the transformation relationship (2.53) of

the hypergeometric function and under the following approximations:

(1—h)P ~ <:c)2ﬁ2 - <:c) - (2.57)

By tco—an—b r\ ~(1+262) r\!
(1 —h)P2rezma2=02 ~ [ — =(—], (2.58)

Tc
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that once again require the smallness of A and &, we end up with the stretched solution in terms of r

—(+1)
~ L (CQ) (CQ — ag — bg) F(2 — 02) F(CQ — ag — b2)
Relr) = <rc> {Bl D(cs —az) Dlez —ba) b2 I'(1 —az)T(1 - by) }
l
r [(co) T(ag + by — ¢2) (2 — co) T(ag + by — ¢2)
" <7"c> [Bl ['(ag) T'(b2) b Plag+1—co)T(ba+ 1~ 02)]

(Z3B1 + X4 Bo) r~ Y 4 (35By + S By) rt (2.59)

The matching of the two expansions (2.54) and (2.59) is now possible in the region between the two
horizons because they exhibit the same powers of r namely [ and —(I + 1). Equating the coefficients

of ' and r~ (1) we find that the field amplitudes B2 on the cosmological horizon are

Yi1Yg — Yo Yo — X1n
Bi= 555, BT hmc o (2:60)
3446 T 44445 346 T 444h

Having specified the amplitudes then it is straightforward to obtain the final expression for the grey-

body factor via eq. (2.52)
YoXg — ¥ 35 |2

i 2.61
Y126 — 2ady (261)

|A2:1—‘

The analytic expression we derived for the greybody factor |A2| for the Hawking radiation process
of scalar particles emitted on the brane by a higher-dimensional Schwarzschild-de Sitter black hole
(2.61) has an extremely complicated dependence on the parameters of the system namely the two
horizon radii 7, and r., the coupling constant £, the cosmological constant A, the number of extra
spacelike dimensions n the angular momentum quantum number [ as well as on the energy w of the
emitted particle. In order to obtain this solution with the method of the matching of the asymptotic
expansions we had to impose some constraints on these parameters. More precisely, £ and A need to

be small.

In the next subsection we study the low-energy profile of the approximate analytic result for the

greybody factor (2.61).

2.2.3 The low-energy limit of the greybody factor

We now focus in the infrared limit (w — 0) of (2.61) for minimal and non-minimal coupling of the
scalar field. In the minimally-coupled case and for the dominant mode of the field [ = 0 we recover
the findings of a previous work [96] that reported a non-vanishing low-energy asymptotic limit for the
GFOnce the coupling £ is “switched-on”, the low-energy profile drastically changes. As we shall see,
non-minimally coupled scalar fields result in the vanishing of the greybody factor expansion around

w — 0, a feature previously reported for the 4-dimensional case in [99].
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The functional dependence of the greybody factor is encoded in the parameters of the hypergeometric
functions a;, b; and ¢;. For the low-energy expansion we found that it is convenient to separate the

energy-dependent part of the (a;, b;, ¢;). More precisely, for the parameters of the near-r;, solution we

write
iwry, 1w 2iwry,
—5_ by —m e — — =1- 2.62
al (n+1)7 1 € (n+1)7 Cl (n+1)) ( )
with the w-independent parts defined as
14 2n— 144X
5o Lt2n + e (2.63)
2(n+1)
1—+14+4X
e= I VIt (2.64)
2(n+1)
For the near-r. solution’s parameters we respectively have the following decomposition:
as =1y zw27“c , ba=mn_+ zw;c , 2 =141wre, (2.65)

where
1 c
ne = <1 — 21 +1/9 — 4¢R} %g) . (2.66)

In order to manipulate analytically the low-energy expansion we had to impose a further simplification
of the expressions by neglecting terms proportional to A in grounds of small cosmological constant.

Note that all terms containing both A and £ were kept into play.

Under these simplifications, if we further define Ry = r,/(n+ 1) and R = r./2 we can write the ¥;
coefficients that appear in (2.54) and (2.59) in the following compact forms:

ritIT(1 - 2iwRy)T(0 +e—1)
F((S — inH) F(E — inH) ’

S = (2.67)

-1 .
I'1—-2 I'l—-90-
5, — r IT( . iwRy) T( (5. €) ’ (2.68)
'l -6 —iwRy)I'(1 — € —iwRp)

. r V(1 + 2iwRe) T(1 -y — 1) (2.69)
T T(1 -y +iwRc) (1 —1_ +iwRc) |

(14+1) )
re Tl —2iwRo) (1 —ny —1-)
YT T =y —iwRe)T(1 — - — iwRe) 5 (2:70)

' T(1 4+ 2iwRe) T (g +n- — 1)

S5 = , 2.71
* 7 T T(ny + iwRe) D(n— + iwRc) 211)

i T(1 - 2iwRe) (s +n- — 1)
Y = < =35, 2.72
° I'(ny —iwRc) I(n- —iwRce) ’ 272)
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We also make use of the following general expressions for the expansion of gamma functions [103]:

D(a+iwb) = D(a) |1+iwb®@(@)| +Ow?), (2.73)
~ 1
Iiwb) = — —7+0(w), (2.74)
iwb
as well as the property zI'[—z] = —I'[1 — z]. The coefficients @ and b are energy-independent and ¥(%)

is the poly-gamma function. Finally, v ~ 0.577216 is the Euler-Mascheroni constant.

We consider first the dominant mode (I = 0) of a minimally coupled (£ = 0) scalar field. In this case

the quantities of eq. (2.63),(2.64) and (2.66) assume the following simplified forms

n 1
5—m, 6—0, 77:|:—<1,—2> . (275)

Then the power-series expansion of ¥; coefficients in the energy results in the following approximate

expressions:
¥ & iwry 4+ O(w?), (2.76)
Yo a1 A — @) 2.77
s 2 w0 () o), (2.77)
Y3 =~ iwr? + O(w?) =5y, (2.78)
Y5~ 1 +iwre (log2 — 1) + O(w?) = T . (2.79)

Finally, substitution of these into (2.61) reproduces the low-energy asymptotic limit, often refer to as

the geometric limit for the greybody factor, reported in previous analyses [93, 96, 99, 104-106]

iw (r? —r2) 2 47",21?"2
|A%| =1 - c__hl 4 Ow) C— +0(w). (2.80)
iw (r2 +17) (r2 +77)

The authors of [96] interpreted this characteristic non-vanishing value obtained for the dominant mode
of the massless scalar emitted by the black hole in the presence of a cosmological constant as follows:
The cosmological horizon creates effectively a finite-size universe for the particles to propagate and
since in the infrared limit the field is completely delocalized this results in a finite probability for the
particle to traverse the distance between the black-hole horizon and the detector. Of course when the
spacetime is asymptotically flat, the observer is located at spatial infinity and thus the probability for
the low-energy particle to reach this vanishes as does the geometric limit for A — 0 = r, — co. We
point out that although (2.80) does not exhibit clearly the dependence on n the numerical values of

rp, and 7. depend on it as they are solutions of h(r) = 0 that is an n-dependent equation.

Notice now the dependence of the infrared limit (2.80) on the black-hole and cosmological horizon radii.
By studying the infrared limit of the power spectrum that is closely connected with the geometric limit

of the GFof a decaying black hole, it is in principle possible to deduce the value of the cosmological
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horizon radius and in turn the value of the cosmological constant itself. As a matter of fact, an even
more exciting possibility opens-up in the case we observe Hawking radiation by a mini black hole
generated possibly in sufficiently energetic particle collisions in a future particle accelerator. By the
features of the spectrum we can infer not only the value of A but the number of the extra spacelike

dimensions (if any!) of our universe since as we have seen GF depend on n as well.

The GFinfrared limit, in the case of a non-minimally coupled scalar field (§ # 0) exhibits an entirely
different behavior with respect to w. The coeflicients ¥; are proportional to the combination

(1 + 2iwR) 1 Fiwk [27 +v0(a) + )(b)}
[(a+iwR) (b +iwR) ['(a)T(b)

+ O(w?), (2.81)

where we denote by R either Ry or Re and @, b are again energy-independent. Using (2.81), we
can write the combinations of the ¥; quantities that appear in the expression of the greybody factor
(2.61) as

¥1¥; = K(l—iwRcB+iwRyl),
Y1¥s = K(1+4iwRcB+ iwRgl), (2.82)
93 = E(1+4iwRyZ —iwRc0),
0¥y = E(l+iwRpgZ +iwRcO),

where we have defined the following quantities:

K - P TG e — 1) Ty +n- — 1)
B T(6)T(e) T(ny) T(n-) ’

P T =5~ T~y — )

E , 2.83
F(1=8) T — )T — 7T — ) (2:83)
and
B = 2y+ 9O+ O,
L = 29+ 9O + 00,
Z = 29+ 001 -8+ 0O 1 —¢), (2.84)

0 = 29+ 001 —n)+ 901 -9n).
It is straightforward then to get the quantity that appears in the numerator of (2.61)

S9%5 — 5155 = (E — K) + iwRy (EZ — KT) + iwRe (KB — EO) | (2.85)
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while for the denominator we have
¥1¥6— %93y = (K —E)+iwRy (KT — EZ) +iwRc (KB — EO). (2.86)
From these two last equations one can easily conclude that
2285 — 81857 o [£18 — 5542 = (K — E)? + O(w?), (2.87)

and so if we now substitute eq. (2.87) into eq. (2.61), we see that the first non-vanishing term for

non-minimally coupled scalar fields is of order O(w?) and has the form

872 (wrn)? Xy, [D(64) T(0-)” Dlopy ] DIt

i I
(1 + 20)u ((cos[205] + cos[Z5]) TT3 + 12 Tl 12 TS24 Tty

where u = \/(2[ +1)2+ 4§R£h)r}21, and

1 c
bs =7 <3 +20+1/9 — 4¢R! >rg) . (2.89)

We can thus conclude that the low-energy asymptotic value for the greybody factor (2.80) disappears
for a non-vanishing coupling constant £. Also, since £ is directly related with the presence of an
effective mass for the field (2.18), it becomes clear that only GF's for massless fields may exhibit this

low-energy non-zero limit.

2.2.4 Plotting the analytic result

In this section we are going to study in depth the profile of the approximate analytic expression
we obtained (2.61) for the greybody factor |A|? for massless scalar fields emitted on the brane by a
higher-dimensional SdS black hole. The extremely complicated form of (2.61) makes imperative the
analysis using plots. We thoroughly investigate the dependence of the greybody factor on the field

parameters £ and [ as well as on the spacetime parameters n and A.

In the left panel of Fig. 2.5 we plot |A|? for minimally coupled fields (¢ = 0), with solid curves, as
well as with an arbitrary non-minimal coupling (£ = 0.3) depicted with dashed curves. The spacetime
parameters are fixed to n = 2 extra dimensions and A = 0.1 (in units of r,:Q). The first 5 modes
(I = 0 —4) of the field are depicted, with the [ = 0 one clearly dominating in the low-energy region
both for £ = 0 and £ # 0. Recall that the height of the effective potential (2.23) increased with the
quantum number [ of the field and this is clearly reflected here. For larger values of [ the transmission
probability for particles with up to intermediate values of energy to overcome the barrier is further

decreasing.
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FIGURE 2.5: Greybody factors for brane scalar fields, for n = 2 and A = 0.1, and: (a) for variable
[ =0,1,2,3,4 and & = 0 (solid lines) or £ = 0.3 (dashed lines); (b) for I = 0 and variable { =
0,0.1,0.2,0.3,0.4,0.5.

Notice also that the non-vanishing low-energy limit of |A[? (2.80) in the minimally coupled case is
clearly seen for the [ = 0 mode. As a consequence, the presence of non-minimal coupling affects the
most the dominant mode (I = 0) in the low-energy limit. Independently of the value of [, we see that
for arbitrary £ # 0 we have further suppression of the greybody factor compared to the case with
£E=0.

Although the authors of previous works, in order to achieve the matching of the two solutions had to
impose constraints on the energy parameter wry, in our analysis of the previous section we have only
required £ and A to be small . We believe that this contributed in enabling us to extend the curves
of the approximate analytic result way beyond the low-energy region, as it can be seen in Fig. 2.5 for

example.

The usually imposed low-energy approximation, causes the approximate analytic results to deviate
from the exact numerical ones when the energy is increased. Thus, we expect the analytic results
we obtained without resorting to the low-wry, approximation to be more accurate and deviate from
the exact ones only at large values of the energy. Inevitably, a deviation between the exact and
approximate results is expected at large energies (even for £ < 1 and A < 1) due to the presence of
poles in the arguments of the gamma functions of the analytic expressions (as is usually the case for
the analytic results for greybody factors). These poles, that occur at various values of wry,, sometimes
result in “abrupt stops” exhibited in the plotting of the curves. One such example can be seen in the
[ =1 curve (solid) for the minimally coupled field in Fig. 2.5(a) where a pole restricts the plotting of
the curve in the low-energy region. The effect of £ only slightly modifies the profile of the curves with
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F1GURE 2.6: Greybody factors for brane scalar fields, for I = 0, A = 0.1, and variablen = 0,1,2,3,4,7
and: (a) for £ =0, and (b) £ =0.3.

I > 0 but its presence in the arguments of the gamma functions is enough to shift the location of the
pole and thus for the non-minimally coupled (dashed curve) [ = 1 mode of the field, the greybody

factor manages to extend up to intermediate values of wry,.

To see the effect of the non-minimal coupling parameter ¢ on the greybody factor we plot |A|? for the
following values of the parameters: n = 2, A = 0.1 and for the dominant mode [ = 0 in Fig. 2.5(b).
The depicted coupling parameter values range from £ = 0 to £ = 0.5 with an increment of 6§ = 0.1.
Clearly, the larger the coupling & the more suppressed the greybody factors get and this feature comes
as no surprise if one recalls the form of the equation of motion (2.18). The way £ enters in the r.h.s.
of the EOM resembles the mass term of a massive field. This feature is in agreement with the findings
of previous works [107-111], that studied the emission of massive scalar particles by various black
holes, suggesting that the transmission probability for scattering on the Regge-Wheeler type effective
potential is reduced with the mass of the field.

Now, we turn to the effect of the spacetime parameters n and A on the greybody factor. We start by
plotting the profile of |A|? with respect to the number of extra dimensions n in Fig. 2.6. Recall that
the dependence of the brane-induced metric on n is inherited via the functional form of the metric
function (2.7) and so the brane greybody factor depends on n as well. We fix A = 0.1 and work with
the dominant field mode (I = 0) for the cases of minimal coupling on the left panel and non-minimal
coupling with £ = 0.3 on the right panel. For the minimally coupled case, the low-energy asymptotic
geometric limit (2.80) that was derived in the previous section can be clearly seen and decreases as n
becomes larger. The physical interpretation behind this result is that for fixed values of the black-hole

mass and cosmological constant, the two horizons are located further apart with the number of extra
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F1cUrE 2.7: Greybody factors for brane scalar fields for [ = 0, n = 2, and A =0.01, 0.05, 0.1, 0.2,
0.3, and (a) for £ =0, (b) £ =0.2, and (c) £ = 0.5.

dimensions; in this way the space that the field has to traverse becomes larger, and as a consequence
the greybody factor is decreased. Moving away from the low-energy region we see that for larger

values of the wr;, parameter the suppression of |A|? with n persists.

The most interesting interplay between the parameters of the system we considered is depicted in
Fig 2.7 where the effect of the cosmological constant A on the transmission probabilities is studied.
We consider once again the dominant mode of the field for [ = 0, and fix the number of extra
dimensions to n = 2 while assigning the following values for A = 0.01,0.05,0.1,0.2,0.3. Then we plot
the transmission probability for 3 different values of the non-minimal coupling, namely & = 0,0.2,0.5

in subfigures (a),(b) and (c) respectively.

Starting with the minimal coupling in Fig. 2.7(a) we can clearly see that the low-energy geometric
limit of the curves gets larger as A grows. The values of the geometric limit depicted in the leftmost
panel can be used as a way to constrain the values of A. Obviously, as the cosmological constant
value grows the approximations we made in the derivation of the analytic result for the greybody
factor, that required the smallness of A, becomes less valid. See for example (2.42) and recall that
the cosmological horizon is located closer to the black-hole horizon for larger values of A. Of course
increasing the number of extra dimensions n as well restores partially the validity of the approximation
()"

because the term we neglect becomes smaller.

Then, for the dominant field mode in non-minimal coupling we can compare the exact geometric limit
value of (2.80) with the low-energy value of our approximate analytic result (2.61) and see how much
the two differ for various values of the cosmological constant. It turns out that for A > 0.3 we have
a deviation of the order of 10% while for A < 0.1 the two values deviate by less than 5%. Finally,
notice that the enhancement of the curves with the cosmological constant in Fig. 2.7(a) extends up
to intermediate values of the energy parameter while for even larger values of wry the approximate

analytic curves are expected to deviate a lot from the exact ones.
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Increasing now the value of the field coupling to £ = 0.2 in Fig. 2.7(b) we see that the greybody
factor is almost independent of A while for even larger values of &, for example £ = 0.5 in Fig. 2.7(c),
the effect of A on the GFis reversed and now the transmission probabilities get suppressed with the
cosmological constant. To explain this peculiar behavior of cosmological constant parameter we need
to recall where A comes into play. On one hand, as we have already discussed previously, the field
exhibits an effective mass that is proportional to £ and A (via the Ricci scalar). When the field
coupling & is not negligible the effective mass increases with A and as a consequence the greybody
factor gets suppressed. On the other hand, for & — 0, the effect of the mass term is diluted and A
contributes via the metric function h(r) (2.7). As A grows, h(r) becomes smaller since the cosmological
term contributes with a negative sign. As a consequence, since the effective potential (2.23) is directly
proportional to the metric function the barrier gets lowered thus leading to the observed greybody
factor enhancement. Obviously for the values of the parameters of Fig. 2.7(b) these two effects cancel

each other out.

2.3 Scalar field scattering in the bulk

2.3.1 The effective potential

Following closely along the lines drawn in the previous section with the computation of the greybody
factor on the brane we now turn to the GFfor fields propagating in the bulk. We focus again on
the emission of massless scalar particles that couple non-minimally to gravity. This time the scalar
field will be free to probe the extra dimensions and in this sense it is a higher-dimensional field that

depends also on the extra azimuthal coordinates 6;. Its action will be

Se=-3 / e /=G [69°Rp + 0y 2 0V D] (2:90)

where the higher-dimensional metric tensor G sy components follow immediately from the line ele-

ment (2.5) and the Ricci scalar is given in (2.4).

Variation of the action (2.90) with respect to the field yields the scalar field equation of motion

1
5o (\/—G GMN8N<I>) —¢Rp®. (2.91)

Again we wish to decouple the radial part of the EOM and in order to achieve this we can write the

field in the following factorized form:

D(t,r,0;,0) = e “'R(r)Y(6;, ), (2.92)
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where Y (6;, ) are the hyperspherical harmonics [112] satisfying the following eigenvalue equation:

2 n+2
r 0 A -
7 |2 (V=GG%05,Y (01, 0) ) | = ~1+n+ DY (0, 9), (2.93)
j=1
where the index j runs on all angles 6; and ¢. Note that for n extra azimuthal coordinates the
determinant of the metric (2.5) is
n
V-G =2 H sin’ 6; . (2.94)
i=1
Equation (2.93), as one can easily verify, reduces to the well-known 4-dimensional one upon setting

n = 0.

Substituting the above field ansatz to eq. (2.91) and using the method of separation of variables we

obtain the decoupled radial part of the EOM that describes the propagation of ®(¢,r,6;, ¢) in the bulk

1 d
Tn+2 %

T CL)2 n
[h () d}fzﬂ * {hw D ery| ey =0, (2.95)

Under the field redefinition u(r) = r(®+2)/2R(r) and radial coordinate transformation dr, = dr/h(r) we
recast the EOM into a Schrodinger-like equation with the potential term being once again proportional

to the metric function. More precisely the form of the potential is

(l+n+1)

u n+2) dh(r) n(n+2)h(r
vhulk — p(r) [ﬂ +&Rp + ( 5 ) di) + ( 4r2) ( )] ; (2.96)
and if we further use (2.7) we can write
20+n+1)2 -1 2¢ 1 (n+2)%u
vk = ey { DA (n+4 — : 2.
eff (r) { 472 FRpA ) T T ) 4rn+3 (2:97)

By inspection of (2.97) there are two features of the barrier that one can readily identify. Firstly,
we see that, for fields propagating in the bulk, we have the nice property that the potential vanishes
at the location of the horizons due to its proportionality to the metric function h(r). This fact, as
we have seen in the previous section, is crucial in order to express the field as a superposition of free
plane waves and be able to compute the greybody factor as the end product of a scattering problem.
The second feature is the increase of the height of the barrier with the angular momentum number I.
Still, the potential has a highly non-trivial dependence on the parameters n and &, so in order to be

able to see their effect on the potential the plots of Fig. 2.8 are necessary.

Similarly to the brane effective potential (2.23) we see that an increase in the number of extra di-
mensions n as well as an increase in the strength of the coupling of the field £ results in the raising
of the barrier and consequently to a suppression in the total number of particles that contribute to

the radiation of the black hole in the bulk. Notice that the effect of £ is milder for emission in the
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FIGURE 2.8: Effective potential for bulk scalar fields for: (a) [ =0, A = 0.01, £ = 0.5 and variable
n = 0,1,2,4,5,8 (from bottom to the top), and (b) I = 0, A = 0.01, n = 2 and variable £ =
0,0.1,0.2,0.4,0.5,0.56 (again, from bottom to top).

]§—>H 0.0 \ 0.1 \ 0.2 \ 0.4 \ 0.5 \ 0.56 \

n=11 17048 | 1.70521 | 1.70561 | 1.70642 | 1.70682 | 1.70706

2 2.46808 | 2.31422 | 2.17869 | 1.95092 | 1.85431 | 1.8009
4.09964 | 3.30647 | 2.7708 | 2.09329 | 1.86547 | 1.75118
4.95021 | 3.71294 | 2.97078 | 2.1228 | 1.85784 | 1.72845
7.58826 | 4.6779 | 3.38132 | 2.17565 | 1.84655 | 1.69292

0| U W~

TABLE 2.2: Bulk-over-brane ratios of the peak values of the effective barriers for = 0 and A = 0.017“,:2

bulk in Fig. 2.9(b) compared to brane emission in Fig. 2.3(b) and this is the reason we present the
magnification around the area of the peak. The height of the barrier is also located at larger values
for the bulk channel compared to the brane one and this indicates a dominance of the latter as the
favored channel for emission (at least in this parameters range). For convenience we display in Table
2.2 the bulk-over-brane ratio of the peak values for the effective potentials. We will return to the
question of which is the favored channel for scalar particle emission by the higher-dimensional SdS
black hole in a following chapter where we compute the bulk-over-brane total and relative emissivities

using exact numerical results.

Finally, regarding the effect of the cosmological constant on the effective potential we see in Fig. 2.9
that for small values of the coupling £ we have a suppression of the barrier with A while for larger
values of £ the role of A is reversed and leads to an increase of the effective potential. The dual role

exhibited by A will be studied and analyzed in great detail in a following chapter.

2.3.2 The analytic solution

The form of the master equation (2.95) dictating the scalar field propagation in the bulk is even more

complicated than the corresponding brane one (2.20). So, in order to calculate the greybody factor
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Ficure 2.9: Effective potential for bulk scalar fields for | = 0, n = 2, and variable A =
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for the bulk channel we employ the same approximate technique with the matching of the expanded
asymptotic solutions used in the previous section. We are able to keep the cosmological constant effect
on the proximity of the black-hole horizon rj, into play by using the radial coordinate transformation

of (2.25), and thus we rewrite eq. (2.95) as

d’R dR (Wrp)?  (wrp)? A (1 —Ard)
1—-f)—— 1-B — — =0 2.98
TA=D G+ U=BiD) e+ | T+ o~ oy |P (2.98)
where A, = (n+ 1) — (n+3) Ar?, and
. 4[\7‘,2Z 9
B,=1+ X A =1ll+n+1)+ERprj . (2.99)

To obtain a hypergeometric equation we redefine the field according to R(f) = fo1(1 — f) F(f).

Then the parameters of the hypergeometric equation are

1
ap =a;+ B+ 5 <Bh -1+ \/(Bh —1)2— 4w2T,21/A,21> , (2.100)

1
bi=ai+pi+5 (Bh -1- \/(Bh —1)2 - 4w2r§/A%L> , a=1+20, (2.101)
while the power coefficients «; and 1 have the same functional form with their brane counterparts

namely
iwry,
A’

[(2 — By) — \/(Bh —2)2 4 W : (2.103)

a) = (2.102)

and

b=

DO |
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Of course, the quantities By, and )\ that appear in (2.102) and (2.103) differ from the corresponding

brane ones and are given by eq. (2.99) instead.

The general solution of (2.98) in the neighborhood of the black-hole horizon 7, after imposing the

condition that only in-going modes of the field exist on r}, is

Rpu(f) = Aif* (1 — £)7 F(a1,bi, 1 f). (2.104)

Turning now to the cosmological horizon 7., the form of (2.95) after we change the radial coordinate

according to r — h(r) ~ 1 — Ar? is

2 n
-G [1- ) 4
1 [ (wre)? I(l+n+1) (2.105)
pq [k D g | =0,

Finally redefining the field as R(h) = h®2(1 — h)#X(h) we recast (2.105) into a hypergeometric

equation with the following indices:

n+3 1

as = az+ B+ — +Z\/(n+3)2—4§(n+4)(n+3), (2.106)
n+3 1 3
by = ag + B2 + 1 —Z\/(n+3) —4¢(n+4)(n+3), co =14 2as. (2.107)
The power coefficients as and (o are now
T l 1
wo e g Wrnrl) 2.108)

and the general solution of (2.95) near the cosmological horizon has the same functional form as eq.
(2.49).

After this point the analysis in the bulk follows closely the one on the brane. The two asymptotic
solutions of the radial EOM in the neighborhood of the horizons are obtained in terms of hypergeo-
metric functions. Then they are stretched towards the intermediate radial regime by employing the
small- and large-value expansions of the hypergeometric functions. Finally a matching is achieved
under the assumption of small £ and A since the solutions can be once again written in terms of the
original radial coordinate r and the terms of equal powers of r be identified. This identification yields
the expressions for the coefficients B; and Bs and thus to the analytic expression for the greybody
factor in the bulk that is of the same form as that of eq. (2.61), namely

2

So¥s — 515 (2.100)

A= |22EB T s
= ‘2126_2224

where the quantities Y; in the bulk, differ from their corresponding brane ones only by the form of

the exponents of r;, and r.. More precisely, in the coefficients 31,23 and X4 for the brane channel we
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(1+1)

%

(I4+n+1)

have r while for the bulk channel we have r;

2.3.3 The low-energy limit of the greybody factor

We will now study the low-energy limit of the greybody factor (2.61) for the bulk channel. The low-w
asymptotics for both the minimally (£ = 0) and the non-minimally (§ # 0) coupled scalar field will
be considered. Similarly to the brane case, the sets of the parameters (a;, b;, ¢;) for the solutions of
the hypergeometric equations close to the black-hole horizon r; and the cosmological horizon r. will

be in the same form as in (2.62) and (2.65). This time, the energy-independent parts (J, €, 1) will be

1 A,
= — — — 92)2 o
) 5 By, \/(Bh 2) + Alzl s (2.110)
1 4N,
— - |2-By—,[(By—22+ 20 111
5 h \/( h—2)%+ x| (2.111)
e = i [1 — 2 —n+t+/(nt3)2— 4§RD7-3} . (2.112)

In order to simplify the analysis we have taken the limit of small A in the above except in the expression
for By, (2.99). For A — 0, By, — 1 and so we take this limit after we take the low-energy limit of the

gamma functions in order to keep the two expansions distinct.

For the dominant mode of the field (I = 0) and in the minimal coupling case ({ = 0) the quantities of
(2.110)-(2.112) assume the simplified expressions

1

§=DB,—1, =0, ni:[L—(”;)], (2.113)

and the low-energy expansion of the ¥; quantities yields

dwrnt?
h 2
R + O(w?), 2.114
22%25%26% 1+O(W), (2115)
and .

wry 9
~ +O0OWw*) = —%4. 2.116
§% ey O ~ T (2116)

Upon substituting these expressions in (2.61) we find that the infrared limit of the greybody factor
for the bulk channel and for (£,1) = (0,0) is

2
iw (rot? — rﬁ“)

iw (T?+2 + 7"2”2)

4(rhrc)(n+2)
-+ Ow). (2.117)

A% =1-— —
471 (7“2Jr2 + TZ+2)

+0(w) =
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The same low-energy geometric limit of the bulk greybody factor has been reported in previous works
[93, 96]. Note that due to the appearance of n in the powers of r, and 7. of the last equation, the
bulk geometric limit is suppressed compared to the corresponding brane one. So, the probability for
very low-energy particles to overcome the effective potential in the bulk is smaller compared to the

brane case.

Finally, since the functional form of the ¥; quantities in the bulk is the same with the ones in the
brane analysis and the arguments there in favor of the vanishing of the greybody factor as w — 0
did not include the expressions of (4, €,n+) we conclude that, in the bulk also, non-minimally coupled
scalar fields result in greybody factors that exhibit vanishing asymptotic values in the low-energy

expansion. The first non-vanishing term has the following form:

1673 (rp /7¢) T2 (wrp) 2 sect (wr /2) [D(04) T(0-)] 2

|A|? = . : (2.118)
2_ 2
oy/0? +4ERpr2 (cos[”;] + cos| A 45RD’“C]> T'[$)2T [w]? T[152]4
where we have defined the following quantities in order to simplify the expression:
c=2l+n+1,
V(@1 +n+ 12+ 46Rpr
w= 1 , (2.119)
n

Hi:%<1—2l—ni\/(n+3)2—4§RDr§) .

For n = 0 we have confirmed that (2.118) reduces to the previously reported 4-dimensional result of

Crispino et al. [99].

2.3.4 Plotting the analytic result

The profile of the approximate analytic expression we obtained for the greybody factor of the bulk
channel upon variation of the particle and the spacetime parameters will be now investigated. We
start with the particle parameters in Fig. 2.10 where we have fixed n = 2 and A = 0.1. In the left
panel the dependence of |A|? on the angular momentum number of the field is depicted with the solid

curves corresponding to minimal coupling and the dashed ones to & = 0.3.

For the dominant field mode the low-energy geometric limit is clearly seen for & = 0. We observe
that the larger the value of [, the more suppressed the transmission probability gets. The effect of
the non-minimal coupling further suppresses the curves with the most prominent effect being on the
I = 0 curve due to the presence of the geometric limit in the low energy regime. As [ grows, the
greybody factors appear to get less sensitive to the presence of £ since solid and dashed curves are

almost identified. Moving to Fig. 2.10(b) the effect of £ on the dominant mode is presented. For
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FIGURE 2.10: Greybody factors for bulk scalar fields, for n = 2 and A = 0.1, and: (a) for variable
[ =0,1,2,3 and £ = 0 (solid lines) or ¢ = 0.3 (dashed lines); (b) for [ = 0 and variable £ =
0,0.1,0.2,0.3,0.4,0.5.

this particular value of A = 0.1 an increase in the non-minimal coupling suppresses |A|?. Again for
¢ = 0 the geometric limit can be seen. Notice also that the geometric limits in the bulk channel

(2.117) assume much smaller values compared to their brane counterparts (2.80) and this is a direct
by-product of the dependence the former exhibit on n.

In Fig. 2.11, for A = 0.1 and for the dominant mode, the effect of the number of extra dimensions

on the greybody factor is presented. Again we have used solid curves to indicate the £ = 0 case and

AP

0.5 1 15 2 25 3
w I'h

FicUure 2.11: Greybody factors for bulk scalar fields, for [ = 0, A = 0.1 and variable n = 0,2,4,6
and for £ = 0 (solid lines) and £ = 0.3 (dashed lines).
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dashed for the arbitrary choice of ¢ = 0.3. We were able to plot only curves that correspond to even
values of n because of the poles of the gamma functions in our analytic expression. We use the same
arbitrary values for the parameters to allow for easier comparison between different plots. A general
suppression of |A|? with n is observed in the bulk channel which is further enhanced in all cases when

& # 0 and even more so for the lowest values of n.

Finally in Fig. 2.12 we show the effect of the cosmological constant A on the transmission probability
for minimally coupled fields on the left panel and for & = 0.5 on the right. The similar “dual-role”
behavior of A as the one observed in the brane channel arises. The cosmological constant acts in favor
of the enhancement of the greybody factor for low £ and against it above some critical value for the

coupling £. Already at & = 0.5 the effect is reversed as one can see in Fig. 2.12(b).

1 1
(¢=0) (£=0.5)
0.8 0.8
0.6 0.6
< z (A=0.01)
04 0.4
0.2 0.2
(A=0.01) (A=0.3)
025 05 075 1 125 15 175 025 05 075 1 125 15 1.75
W rh w I'h
(a) (b)

FIGURE 2.12: Greybody factors for bulk scalar fields for [ = 0, n = 2, and A = 0.01, 0.05, 0.1, 0.2,
0.3, and (a) for £ =0, and (b) £ = 0.5.

2.4 Conclusions

In this chapter, we considered scalar fields that propagate in the spacetime of a higher-dimensional
Schwarzschild-de Sitter (SdS) black hole. We focused on fields that are massless and couple non-
minimally to gravity via an interaction term in the action with the Ricci scalar. In this context,
we derived analytic expressions for the greybody factors, both on the brane and in the bulk, that
are valid for arbitrary values of the number of extra dimensions (n) and field angular-momentum
number (I). In order to solve the Klein-Gordon equation we followed a well-known approximate
technique that amounts to matching the asymptotic solutions in the vicinity of the two horizons of

the SdS spacetime. Contrary to previous works we were able to keep the effect of the cosmological
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constant (A) into play in both asymptotic solutions thus increasing the accuracy of our results. As a
consequence of applying this method, the analytic results we have obtained are valid in the low- and
intermediate-energy regime but for small values of the field coupling (£) and cosmological constant.
We then thoroughly studied the dependence of the greybody factors on the spacetime parameters n, A
and field parameters [,£. We found that the characteristic non-zero infrared limit of the GF for the
dominant field mode (I = 0) vanishes in the presence of a non-minimal field coupling both on the
brane and in the bulk. Our analysis has also revealed a particularly interesting “dual-role” behavior

of A that can act either in favor or against the enhancement of the GF depending on the value of €.






Chapter 3

The Hawking radiation spectrum of a
(4 + n)-dimensional Schwarzschild-de Sitter

black hole

In the previous chapter, the analytic expressions for the greybody factors (g.f.) for a massless scalar
field, non-minimally coupled to gravity that propagates in a (4 + n)-dimensional Schwarzschild-de

Sitter (SAS) spacetime were derived. The SdS line element in the bulk is

2
ds? = Gy ydzMdaN = —h(r) dt* + :(:) +72dQ3,, (3.1)

where the metric function is given by

B 22, Ar?
rrtl o (n43)(n+2)’

h(r)=1-— (3.2)
with p being the black-hole mass parameter, n the number of extra space-like dimensions and A the
bulk cosmological constant. For fields confined on the brane, the geometry is described instead by the

induced metric

dr?

ds* = g datds” = —h(r)dt* + B

+ 72 (d6? + sin® 6 dp?) . (3.3)
Using a factorized ansatz for the field [egs. (2.19) and (2.92) for the brane and bulk respectively], we
were able to decouple the radial part of the Klein-Gordon equation and obtain the following equations

of motion (EOM ):

e On the brane:

r w2
L O] [ U0 o, o
e In the bulk:
r w? n
. [h(r)rmrz 4R } . [W) ey RD] RO 0. .

where R(r) is the radial part of the field, w is the energy of the emitted particle, [ is the angular

momentum quantum number of the field, £ is the non-minimal coupling parameter of the field to
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gravity and finally R4 (2.10) and Rp (2.4) are the Ricci scalars for the brane and bulk geometries

respectively.

Since, to our knowledge, exact analytic solutions to eqgs. (3.4) and (3.5) cannot be obtained for arbitrary
values of the parameters, we had to resort to an approximate method in order to calculate the g.f. The
approximations imposed restrict the validity of our analytic results to small values of the cosmological

constant A, small coupling parameter £ and in the low-energy regime.

In this chapter we develop a numerical technique in order to extend the previous study and obtain
the exact forms of the g.f. for arbitrary values of the parameters. Then, with the exact g.f. in hand
we are able to study the Hawking radiation spectrum of the SdS black hole in the bulk and on the

brane.

We start by introducing the numerical method we developed in order to calculate the g.f. Then we
compare the analytic expressions for the g.f. of chapter 2 with the exact ones and move on to an
in-depth study of the Hawking spectrum in both the brane and bulk channels of emission. Finally,
for a wide range of the parameters, we calculate the bulk-over-brane relative energy rates and total
emissivity ratio in order to see whether the black hole emits the majority of its energy on the brane

or in the bulk.

3.1 Numerical calculation of the greybody factors

For the calculation of the g.f. we use the fact that the effective Regge-Wheeler potentials egs. (2.23)
and (2.97) vanish at the locations of the horizons in order to express the field as a superposition of
plane waves in these regions. We have seen that the g.f. is then given in terms of the amplitudes of
the incoming (B;) and outgoing (Bsz) field modes at the tortoise-coordinate (2.21) infinity r, — oo

via the relation )
By

AP =1
Al B,

(3.6)

So, in order to numerically compute the greybody factor we have to integrate the radial EOMs (3.4)
and (3.5) to obtain the exact solutions for the brane and bulk propagating fields and then isolate the

amplitudes By 2 at r, — 00 i.e. in the vicinity of the cosmological horizon.

Of course, in order to solve egs. (3.4) and (3.5) two boundary conditions are needed and to specify
them we turn to their analytic asymptotic solutions close to the horizons we have already derived
in the previous chapter. In the vicinity of the black-hole (r,) and cosmological (r.) horizons, the
radial part of the field has been found to be of the same functional form both in the bulk and on
the brane. The only difference lies in the definition of the indices of the hypergeometric functions
[compare egs. (2.44) and (2.45) with egs. (2.100) and (2.101)] and the power coefficients [compare
eq. (2.48) with egs. (2.102) and (2.103)]. More precisely, we found that close to the black-hole horizon
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and after we impose the condition that purely in-going modes exist at r — rj, the solution is

Rpg ~ Ay f*, (3.7)
where A; is an arbitrary constant,
h(r) N 2A

=—~  A=— —— 3.8
fr) 1—Ar? (n+2)(n+3) (3:8)

and ‘
ap = _i‘;”’h , Ap=(n+1)— (n+3)Ar2, (3.9)

h

In the limit r — 73, due to the vanishing of the metric function we have f — 0 and so by re-writing
(3.7) as
Rpg ~ Ay fOl1 = A efi(wrh/Ah) In f s (310)

we see that the solution indeed describes an in-going field mode close to the black-hole horizon. The
amplitude A; has no physical significance since it does not appear in the expression of the g.f. and
thus has no observable effect. This allows us to normalize the radial solution to unity at the black-hole

horizon and obtain in this way the first boundary condition

ot =1 a

Evaluating now the first derivative of (3.7) with respect to the original radial coordinate at r = 7,

and using (3.11) we obtain the second boundary condition necessary for our numerical analysis

d}jlfH — Alf—i(wrh/Ah) In f (_ ’LWTh> A(T)(l — f)

~ (3.12)

Th

We now turn to the cosmological horizon (r.) regime. To obtain the asymptotic solution there, in
the analytic approach we used the simplified radial coordinate redefinition r — h(r) ~ 1 — Ar?
that essentially discards the effect of the black hole close to r.. Here, since we are dealing with the
problem numerically we are not going to resort to this simplification and so we use again eq. (3.8)
as the appropriate coordinate redefinition that takes into account both the black-hole mass and the
cosmological constant. Then, the asymptotic solution of the EOM close to r. (in analogy to the r — 7,
case) is

Re ~ By f%? 4 By f792 = By e Wre/A)Inf 4 B, gilwre/Ac)Inf (3.13)

where ap = —iwr./A, and A, = (n41) — (n43)Ar2. This time both incoming and outgoing modes are
allowed. Notice that always A, < 0! and since f — 0 also close to 7. the amplitude of the incoming
(outgoing) field mode is B; (B2); thus the GF is indeed given by eq. (3.6).

Because of the existence of an apparent singularity at » = rp, we start the integration of the EOM not

!This can be easily verified by performing a numerical calculation.
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exactly at the location of the horizon but in the neighborhood of r, i.e. at radial distance r = rj, + €
where € is a small positive parameter of the order of 1076 — 10™%. In order to obtain stable numerical

solutions we had to carefully choose not only the value of € but the integration step as well.

With the boundary conditions of egs. (3.11) and (3.12) imposed at r = rp, + € the integration of the

EOM proceeds until the radial distance r = r. — € where the amplitudes Bj o are to be computed.

To isolate the amplitudes of the plane waves close to the cosmological horizon we solved the system
of equations consisting of the asymptotic solution eq. (3.13) and its first derivative with respect to 7.

This way we ended up with the following expressions for the amplitudes:

1

. A hr dRc(r)
By = — ¢ilwre/Ac) Inf e ¢ 14
1=5¢ Ro(r) + wrA(r) (1 — f)  dr ’ (3.14)
L A  dRo(r)
_ = i(wre/Ac) In f o c c 1
B 2 € [RC(T) wrA(r) (1 —f)  dr } (3.15)

By plugging egs. (3.14) and (3.15) into (3.6) the greybody factor is finally obtained. The numerical
code we developed on Wolfram Mathematica [113] can be found in App. C along with detailed

comments.

3.1.1 Exact results on the brane

Using the above algorithm we integrated numerically eq. (3.3) and obtained the exact form for the
g.f. for scalar fields confined on the brane. Before we move to the study of these results we compare
how our approximate analytic expressions stand against the numerical results. In Fig. 3.1 we plot
the numerical (analytic) results for the g.f. with solid (dashed) curves. On the left panel we depict
the variation with respect to coupling constant £ while on the right panel we show the variation
with respect to the cosmological constant A. In both cases, in the low-energy regime the anticipated
agreement between the analytic and numerical results is excellent and only for intermediate values of
wryp, deviations start to appear. Recall that the analytic expressions were derived under the assumption
of small £ and A. This is also depicted here since as either £ or A ceases to be small the range of

agreement between the two sets of curves is reduced.

We would like to point out that a general feature of the analytic results is that they always lie lower
than their corresponding numerical counterparts. This is a consequence of the poles that appear in
the analytic expressions® that tend to “pull-down” the analytic curves. In some cases the poles result
in the abrupt termination of the analytic curves while the numerical ones are free of this problem and

are thus smooth curves that extend throughout the energy regime.

2See also the discussion in §2.2.4 of the previous chapter.
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FIGURE 3.1: Greybody factors for brane scalar fields. Analytical (dashed curves) and numerical
results (solid curves) for I = 0,n = 2 with (a) A = 0.01 (in units of ;) for variable (top to bottom)
£=0,0.2,0.5,0.8 and (b) £ = 0.1 for variable (bottom to top) A = 0.01,0.03,0.05,0.08,0.1.
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FIGURE 3.2: Greybody factors for brane scalar fields for A = 0.1 and (a) n = 2 for variable | =

0,1,2,3,4 and £ = 0 (solid curves) or £ = 0.3 (dashed curves); (b) I = 0,£ = 0.3 for variable (top to
bottom) n =0,1,2,3,4,7.

In Fig. 3.2(a) we plot the dependence on the angular momentum [ parameter of the field. We have
used solid and dashed curves to depict the minimal ({ = 0) and non-minimal coupling (with £ = 0.3)
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FIGURE 3.3: Greybody factors for brane scalar fields for { = 0, n = 2, A = 0.1 and variable (top to
bottom) £ = 0,0.1,0.2,0.3,0.4,0.5.

respectively. Independently of the value of £ we observe a suppression with [ thus the most enhanced
g.f. are those for [ = 0. The presence of a non-vanishing £ results in the general suppression of the
g.f. and the effect of this suppression becomes milder the larger the value of [ is. Finally, in the case
of minimal coupling, the infrared non-vanishing asymptotic limit of the g.f. (2.80) for the dominant

mode (I = 0) of the field can be seen.

In Fig. 3.2(b) for the dominant mode (I = 0) and for £ = 0.3 we plot the effect of the number of extra
dimensions (n) on the g.f. As n increases the usual suppression of the g.f. is observed in agreement
to the findings of various previous works. Regarding the agreement with the analytic expressions as
n varies we report that the two sets are in excellent agreement in this case as well with deviations

appearing as the energy parameter wry, and/or n are increased.

Turning now to the effect of the non-minimal coupling (&) on the g.f. in Fig. 3.3 we plot the dominant
mode with 2 extra space-like dimensions and for A = 0.17‘}:2 while ¢ varies. We see that an increase
in the value of £ results to the suppression g.f. This was also the behavior we observed in the analytic
results. The physical interpretation of this result is tied with the effective mass term that appears in
the EOM of the scalar field (2.18) [1, 107-111, 114, 115] and is proportional to &.

The effect of the cosmological constant on the g.f., as the analytic approach of the previous chapter
hints, strongly depends on the value of £&. To this end we plot in Fig. 3.4 the profile of the numerical
results as A varies with [ = 0,n = 2 and for three values of the non-minimal coupling £ =0, £ = 0.2
and £ = (.5, in the left, middle and right panel respectively. The dual role of the cosmological constant
now becomes evident. For minimal coupling, A acts in favor of the enhancement of the g.f. while as
& becomes larger its role is reversed and eventually above some critical value for £ the increase in the
value of the cosmological constant results in the suppression of the g.f. The two opposing effects that
drive this behavior are the following: In one hand A enters in the effective mass term that increases

the height of the Regge-Wheeler potential (2.23) thus reducing the transmission probability. On the
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other hand, A also enters in the metric function (3.2) in such a way that h(r) is suppressed with
an increasing A and since the Regge-Wheeler potential is proportional to h(r) we have the opposing
effect. When ¢ is small, the effective mass is negligible and the latter effect dominates. The opposite

holds for large values of €.

3.1.2 Exact results in the bulk

To obtain the exact forms of the GF for scalar fields propagating in the bulk we numerically integrate
the radial EOM (3.5) once again by means of the numerical technique we have introduced in the

beginning of section 3.1.

In Fig. 3.5 we compare the exact results (solid curves) we obtained with the aformentioned method
against the analytic ones (dashed curves) of the previous chapter. For two extra space-like dimensions
(n = 2) and for the dominant field mode (I = 0) we vary the value of £ in Fig. 3.5(a) and A in Fig.
3.5(b). In the region of validity of the analytic results i.e. in the low wr} regime and for small values
of £ and A the two sets of curves exhibit an impressive agreement. Still the existence of poles in
the gamma functions of the analytic expressions result in the discontinuities observed for the dashed

curves.

Now we focus solely on the numerical results. We start with the dependence of the bulk GF on
the angular momentum ! and the number of extra dimensions n in Fig. 3.6. We have fixed the
cosmological constant to A = 0.17“}:2 and we have used solid curves for the minimal-coupling case
(¢ = 0) and dashed for an arbitrary non-minimal coupling ({ = 0.3). We observe that the GF get

suppressed as [ and/or n are increased. Recall that for the dominant field mode (I = 0) the asymptotic
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(£=0.5)

0.8 0.8
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F1cURE 3.4: Greybody factors for brane scalar fields for [ = 0,n = 2 and A = 0.01,0.1,0.2,0.3 and
(a) for £ =0, (b) £ =0.2 and (c) £ = 0.5.
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infrared limit of the bulk GF is given in terms of the black-hole r;, and cosmological horizon r. as

4(rpre ) t2)

A= bl
147 (ret2 +rpt?)2

(3.16)
For n = 2 this asymptotic limit is highly suppressed and this is the reason why it can only be seen
via a magnification of the low wr, regime in Fig. 3.6(a). On the other hand, when n = 0,1 the limit

(3.16) is visible in Fig. 3.6(b) for the [ = 0 mode with minimal coupling.

In both panels of Fig. 3.6 we notice that the effect of the non-minimal coupling on the GF is to
further suppress them with the effect becoming milder as [ and n assume larger values. Essentially
for [ > 3 and n > 5 the presence of £ plays no role on the profile of the curves since for the considered
values of A and &, the contribution of the “effective mass” term is much smaller than the one of [
and n to the potential barrier. . Finally let as point out that the numerical results can be plotted
smoothly for all values of n in contrast to the analytic approach where the curves corresponding to

odd values of n could not be depicted because of the existence of poles.

In Fig. 3.7 we plot the dependence of the exact results for the bulk GF on the non-minimal coupling
of the field £ with gravity. We study the [ = 0 mode in n = 2 extra dimensions and for A = 0.17‘;2.
As the field couples more intensely to the Ricci scalar the GF are suppressed mildly thus the scalar
particles become less probable to overcome the effective barrier. Notice that we used the same values
of the parameters as the ones we used in the brane channel (Fig. 3.3) to further allow us to compare

the effect of £ on the two channels. We see that the effect of the variation of the field coupling is
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FIGURE 3.5: Greybody factors for bulk scalar fields. Analytical (dashed curves) and numerical (solid
curves) results for [ = 0,n = 2 and: (a) for A = 0.01 and variable £ = 0,0.2,0.5,0.8; (b) for £ = 0.1
and variable A = 0.01,0.03,0.05,0.08,0.1.
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FIGURE 3.6: Greybody factors for bulk scalar fields for A = 0.1, £ = 0 (solid curves) or £ = 0.3 (dashed
curves) and: (a) n =2 and variable [ = 0,1,2,3,4; (b) [ = 0 and variable n = 0,1,2,3,4,5,6,7.
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FicUure 3.7: Greybody factors for bulk scalar fields for n = 2,A = 0.1,] = 0 and variable £ =
0,0.1,0.2,0.3,0.4,0.5.

milder in the bulk channel. To interpret this behavior we need to recall what our analytic study of the
previous chapter revealed. The effective potential in the bulk is not affected much by ¢ (Fig. 2.8) and
this is reflected on the GF as well. Still, the role of the effective mass of the field (being proportional
to &) leads to the observed general suppression of the GF'.

To study the effect of the cosmological constant on the GF using the exact results we plotted Fig.
3.8. On the left panel we have the minimal coupling (£ = 0) while on the right panel we have £ = 0.5.
We see that in the former case, the effect of A is to boost the GF while as the field coupling grows

the role of A is reversed and acts as a deterring factor at least up to intermediate values of the energy
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FIGURE 3.8: Greybody factors for bulk scalar fields for I = 0,n =2 and A = 0.01,0.1,0.2,0.3 and (a)
for £ =0 and (b) £ =0.5.

parameter wry. It is noteworthy that this dual-role behavior of the cosmological constant has been

encapsulated to a very good extend by the analytic results in Fig. 2.12.

3.2 The scalar power spectrum

Now that we have obtained and studied in depth the form of the exact results for the GF for scalar
fields propagating in the higher-dimensional SdS spacetime we are able to proceed to the derivation
of the Hawking spectrum emitted by such a black hole. The power emitted by the black hole per
unit frequency (w) in the form of scalar particles that a non-accelerated observer measures is given
by [96, 116, 117]

?E 1  NJAPw
_ 3.17
dtdw 2 El: w/Th — 1 ( )

In the above expression, |A|? is the GF that corresponds to the transmission probability for scalar
particles generated on the horizon of the back hole to overcome the effective barrier and contribute
to the radiation. In the case of fermionic fields, the Hawking power spectrum is given by eq. (3.17)
with the only difference being the change of sign before 1 in the denominator. The coefficient NN

corresponds to the multiplicity of states with the same angular momentum (/) due to the spherical
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symmetry of the spacetime. For fields in n extra spatial dimensions propagating on the brane and in

the bulk the multiplicity has respectively the following form [96, 118]:

2l+n+1)(+n)!
I'(n+1)!

N =2l+1 N; = (3.18)

Finally, to account for the non-asymptotic flatness of the SdS spacetime we employed the Bousso-
Hawking normalization for the black hole temperature® Tpy that for the line-element (3.1) has the

form [96, 119]
263 Ar?

[(n +1) - 7] , (3.19)

In (n+2)

I 1
B h(ro) 4

where rq is the location of the non-accelerated observer in SdS 4 given explicitly by

_ [(n +1)(n+2)(n+ 3)u} 1/(n+3)
To = .

(3.20)
4/{2DA

Notice that in order to obtain the power spectrum (3.17) one has to include the contributions of all the
field modes [ and this translates to the computation of an infinite number of terms. In practice, only
the first lowest field modes contribute significantly to the spectrum and this allows as to terminate
the series at a finite value of the angular momentum [. This is essential in order to be able to perform

a numerical calculation in a finite amount of time!

To illustrate this, in Fig. 3.9 we give an indicative example of the individual contributions to the

spectrum by each field mode in the brane channel with n =2, A = 0.1 7“,:2 and £ =0. It is evident

0.012

(Total)

0.010

0.008

0.006

d’E/d td o
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FIGURE 3.9: Energy emission rate curves for brane scalar fields for n =2, A = 0.1, £ = 0 for the first
six dominant modes with [ = 0,1, 2, 3,4, 5.

that only the first few modes (I < 5) contribute significantly. We found that in all cases, modes with

3 A detailed discussion on the black-hole temperature in SdS spacetime is given in the following chapter.
4 See the discussion on the causal structure of SdS in §2.1.2.
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I = 7 or higher induce contributions to the spectrum that peak many orders of magnitude lower than
the dominant mode (I = 0) and thus we terminated the sum at [ = 7 for the needs of the numerical
calculation. The numerical code we developed on Wolfram Mathematica [113] can be found in App.

D along with detailed comments.

3.2.1 The power spectrum in the brane channel

We start with the study of the black-hole radiation in the brane channel that is the phenomenologically
more interesting one. Since the angular momentum (1) is summed up the only free parameters of the
system are now the non-minimal coupling of the field &, the cosmological constant A and the number

of extra dimensions n.

In Fig 3.10(a) we plot the dependence of the power spectrum on n for A = 0.1 and £ = 0.3. Notice
that although the GF are suppressed with n [Fig. 3.2(b)] the spectra are clearly enhanced. The
reason for this behavior lies in the way the temperature (3.19) gets significantly enhanced with n thus
becoming the dominating factor. The observed enhancement of the spectra with the number of
extra dimensions was an anticipated result, since a plethora of previous works [96, 116, 120-142] have
also reported enhancement of the Hawking radiation with n not only for the SAS case but for other

spherically and axially symmetric black holes as well.

In Fig. 3.10(b) the effect of the coupling parameter ¢ is depicted for two extra dimensions and A = 0.1.

We see that when the field couples to gravity non-minimally, the resulting radiation gets suppressed
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FIGURE 3.10: Energy emission rates for brane scalar fields, for A = 0.1, and: (a) £ = 0.3 and variable
n=20,2,4,7; (b) n =2 and variable £ = 0,0.1,0.3,0.5,0.8, 1.
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throughout the energy regime apart from the tail of the curve. This time, the behavior of the spectral
curves is in agreement with the behavior of the GF (Fig. 3.3) since the temperature is independent

of the field parameters.

For the minimal coupling (¢ = 0) the imprint of the non-vanishing low-energy asymptotic limit of
the greybody factor (2.80) on the power spectrum is evident. Thus in this case we have a drastic
deformation of the power spectrum deviating from the “standard” form by starting from a non-
vanishing value in the infrared limit. This feature has also been reported in previous works [93, 96,
99, 106].

We finally point out that the observed suppression with £ in Fig. 3.10(b) is in excellent agreement
with the results reported in [111] where massive scalar fields were considered. As we have seen in the
analytic approach, the coupling ¢ to the Ricci scalar corresponds to an effective mass term for the

scalar field and thus the similar effect on the power spectra comes as no big surprise.

Turning now to the effect of the cosmological constant (A) on the spectra we plot in Fig. 3.11 the
differential energy emission rate in the brane channel for n = 2 extra dimensions, and three different
values of the non-minimal coupling parameter £ as A varies. The motivation behind choosing three
values for £ is of course the dual-role behavior of the cosmological constant on the GF we have

observed in the analytic approach and verified with the numerical analysis as well.

On the left panel of Fig. 3.11 we have the minimal coupling ({ = 0) and the cosmological constant
boosts the particle emission. Also, the infrared asymptotic limits can once again be seen. In Fig.
3.11(b) as the field coupling to gravity is “switched on” the low-energy limit vanishes and the en-
hancement of the radiation with A becomes milder. Finally for an even stronger field coupling we
see in Fig. 3.11(b) that as the cosmological constant is increased the enhancement becomes milder

still in the high-energy regime while in the low-energy part of the spectrum we observe suppression of
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FIGURE 3.11: Energy emission rates for brane scalar fields for n = 2, variable A = 0.01,0.05,0.1,0.2,
and for: (a) £ =0, (b) £ =0.3, and (¢) £ =0.8.
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the low-energy particles that are emitted. Clearly, the effect of the “mass term” is irrelevant for the

high-energy modes, that is why the tail of the radiation curve is always enhanced with A.

3.2.2 The power spectrum in the bulk channel

We will now study the features of the bulk channel for the higher-dimensional SdS black hole decaying
via Hawking radiation in the form of scalar particles. In Fig. 3.12(a) we plot the dependence of the
spectrum on the number of extra dimensions (n). By purposely choosing the same values for the
parameters A = 0.1 and £ = 0.3 as in Fig. 3.10(a), we are able to compare the bulk and brane
channels. We see that as n becomes larger, the bulk radiation becomes enhanced as well even though
in a milder way compared to the brane channel. On the other hand, the peaks of the power curves for
particles emitted in the bulk are shifted in a more prominent way towards larger values of the energy

parameter (wrp).

For this specific choice of parameters the power curves in the bulk are located lower than their
corresponding brane counterparts thus yielding a brane dominance for the emission process. This
observation cannot be generalized because as we shall see in the following sections, the values of the

parameters strongly affect the bulk-over-brane relative emission rates and total emissivities.

The effect of £ on the bulk spectra is depicted in Fig. 3.12(b) and we observe once again a suppression

with an increase of the field coupling in accordance with the behavior exhibited by massive particles
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FIGURE 3.12: Energy emission rates for bulk scalar fields for A = 0.1, and: (a) £ = 0.3 and variable
n=20,2,4,7; and (b) n = 2 and variable £ =0,0.1,0.3,0.5,0.8, 1.
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in [111]. A low-energy non-vanishing limit when £ = 0 is exhibited by the power spectra in the bulk
channel as well but since it stems from the infrared limit of the GF it is highly suppressed in the bulk
as we have already seen (at least for the value A = O.lr;2 we used here).This low-energy limit can
be seen when the cosmological constant is slightly larger as is the case with A = 0.27';2 in Fig. 3.13

where we plot the dependence on A for n = 2 and three values of the non-minimal coupling parameter

(&)-

The behavior of the bulk power spectra with respect to the variation in A is reminiscent of the brane
channel. For vanishing values of & the cosmological constant boosts the emission throughout the

energy regime while as the field coupling becomes stronger the low-energy part of the spectrum gets

suppressed with the increase of A.

0.0035 0.0035 0.0035
0.0030 (A=02) 0.0030 0.0030
(A=0.2)
(&=0) (¢=0.3) (£=0.8)
0.0025 0.0025 0.0025 TN
3 3 3
0.0020 0.0020 0.0020
z (A=0.01) z A=0.01) z
= k3 3
£0.0015 £0.0015 £0.0015
= = =
0.0010 0.0010 0.0010f  (A=0.01)
0.0005 0.0005 / 0.0005
0.0000 0.0000 — 0.0000 —
0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 15 2.0
wry wry wry
(a) (b) (c)

F1GURE 3.13: Energy emission rates for bulk scalar fields for n = 2, variable A = 0.01,0.05,0.1,0.2,
and for: (a) £ =0, (b) £ =0.3, and (c) £ =0.8.

3.3 The Bulk-over-brane emissivity

When we studied the exact numerical results for the GF in a previous section, we used the same values
of the parameters for both the brane and bulk analyses in order to make the comparison between the
two easy. Then, by inspection of the sets of figures 3.2 and 3.6 that depict the dependence of the GF
on the angular momentum (/) and the number of extra dimensions (n) on the brane and in the bulk
respectively, we can see that the bulk GF are more suppressed than the brane ones. In fact this is a
well-known result [116, 120, 143]. However, in our present work we have two more parameters namely
the non-minimal coupling of the field to gravity (£) and the cosmological constant (A). Regarding
the former we have seen that it suppresses the GF in both channels while the latter exhibits a more

complicated “dual role” behavior that depends on the value of €.
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The above discussion makes evident that the previously reported bulk-over-brane dominance may be
refuted in the more general case we consider here. Thus it is necessary to study the relative emission

rates and compare the total emissivities in the two channels a task we undertake in this section.

3.3.1 Relative emission rates

In Fig. 3.14(a) we plot the effect of the non-minimal coupling (£) on the bulk-to-brane energy emission
ratio when n = 4 and A = 0.1. We observe a “dual role” behavior of £ since in the low-energy regime,
the brane channel is favored over the bulk one with an increase of the coupling parameter while beyond
the intermediate energy regime the bulk emission is favored and at the same time the effect of £ on

the ratio is deminished.

To better understand this result one may consult the sets of figures 3.10 and 3.12 where it is clear
that in the low-energy regime the bulk channel is highly suppressed compared to the brane one and
this results in the very small values of the ratio observed in the infrared limit in Fig. 3.14(a). For
intermediate values of wry, the bulk spectral curves are only slightly lower than the brane ones while
in the high energy regime we eventually have a bulk domination. This behavior is again in agreement

with the findings of [111] that reported a boost of the bulk emission with the mass of the scalar field.

The cosmological constant effect on the ratio is plotted in Fig. 3.14(b) where again a “dual-role”
behavior is evident. In the low-energy regime A enhances the emission in the bulk channel while for
larger values of wry, this effect is reversed favoring the brane channel. In the high-energy regime the
value of the cosmological constant appears to only slightly affect the ratio that approaches unity and
thus we conclude that both channels are equally favored for the emission of highly energetic particles.

This dual-role behavior of A is attributed to the presence of a non-vanishing field coupling (here we
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FIGURE 3.14: Bulk-over-brane relative emission rates for: (a) n = 4 , A = 0.1 and variable { =
0,0.3,0.5,1, and (b) £ = 0.8, n = 2 and variable A = 0.01,0.05,0.1,0.2.
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had fixed £ = 0.8) since in a previous study [96] of the bulk-to-brane emission ratio, the minimal-
coupling (£ = 0) case was studied and an enhancement of the bulk channel throughout the energy

regime has been observed.

Finally we examine the dependence of the bulk-to-brane emission ratio on the number of extra di-
mensions. In Fig. 3.15, for £ = 0.3 and A = 0.2 we observe that as n is increased the brane channel
is boosted in the low-energy region while above intermediate values of wry the bulk channel is signif-

icantly favored for all values of n.

3.3.2 Total emissivities

The analysis of the previous section revealed that the bulk-to-brane emission ratio differs by many
orders of magnitude when we compare different energy regions or change the values of the parameters.
What can we say about the total energy emitted by the black hole on the brane and in the bulk and

how is the energy balance between the two channels affected by the parameters?

This is a non-trivial question that cannot be answered by inspection of the bulk-to-brane ratios alone.
As an indicative example, we plot Fig. 3.16 where the energy emission rates (e.e.r.) on the brane
and in the bulk for n = 7, A = 0.2 and for two values of the field coupling £ = 0.3 and £ = 1 are
depicted. In Fig. 3.16(a) we observe that the brane emission is favored in the low-energy regime while
for wry ~ 4.5 and above the bulk channel becomes the dominant one. This is exactly the picture
painted in Fig. 3.15. A similar behavior though can be seen in Fig. 3.16(b), where the field coupling
is stronger, but this time the bulk dominance in the high-energy region is so strong that the brane
emission is only a small part of the total black-hole emission. It is then clear that in order to study
the energy balance between the two channels we need to calculate the total emissivities defined as the

total energy per unit time emitted over the whole frequency regime.

100
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F1GURE 3.15: Bulk-over-brane relative emission rates for £ = 0.3, A = 0.2 and variable n = 2,4, 7.
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To this end, for a given set of parameters (n, A, &) we integrate the brane and bulk e.e.r. throughout
the frequency range and compute the bulk-to-brane ratio. Our results are displayed in Tables 3.1 to
3.3.

Regarding the effect of the cosmological constant, we see that for a fixed value of n and as long as the
coupling is not larger than & = 0.8 the bulk-over-brane ratio exhibits an enhancement with A that
becomes gradually less substantial as the value of £ is increased. This is no longer the “rule” for even

larger values of £ since in some regions of the parameter space we observe the opposite effect.

The non-minimal coupling of the scalar field to gravity in all cases appears to enhance the ratio thus
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FIGURE 3.16: Power spectra for emission on the brane and in the bulk for n = 7, A = 0.2, and: (a)
€=0.3, and (b) £ =1.

TABLE 3.1: Bulk over brane total emissivity for n = 2

] £ — H 0.0 0.1 0.3 \ 0.5 0.8 1.0 \
A =0.01 || 0.257506 | 0.269481 | 0.294391 | 0.320639 | 0.362918 | 0.393068
0.05 0.27356 | 0.285502 | 0.309271 | 0.333195 | 0.369824 | 0.394932
0.1 0.288635 | 0.300295 | 0.322187 0.343 0.373032 | 0.392523
0.2 0.314566 | 0.325492 | 0.343106 | 0.357599 | 0.375749 | 0.38618
TABLE 3.2: Bulk over brane total emissivity for n = 4
’ &— H 0.0 0.1 0.3 0.5 0.8 1.0
A =0.01 || 0.247028 | 0.275432 | 0.339321 | 0.413966 | 0.549627 | 0.658426
0.05 0.255885 | 0.284767 | 0.349056 | 0.423319 | 0.556669 | 0.662449
0.1 0.264557 | 0.293826 | 0.358134 | 0.43146 | 0.561241 | 0.662884
0.2 0.279594 | 0.30942 | 0.373259 | 0.444156 | 0.566328 | 0.659702
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TABLE 3.3: Bulk over brane total emissivity for n =7

] = H 0.0 0.1 \ 0.3 \ 0.5 \ 0.8 \ 1.0 \

A =0.01 || 0.779006 | 0.906992 | 1.21479 | 1.60427 | 2.38062 | 3.05751
0.05 0.790883 | 0.92003 | 1.22955 | 1.61993 | 2.39509 | 3.0686
0.1 0.803103 | 0.933293 | 1.24413 | 1.63466 | 2.40657 | 3.07444
0.2 0.824629 | 0.956511 | 1.26906 | 1.65866 | 2.42208 | 3.07722

causing more energy to be emitted in the bulk channel the larger the value of £. Still, its effect is not
enough to tilt the energy balance in favor of the bulk channel at least when n and A are small. When
the number of extra dimensions assumes large values there is a clear dominance of the bulk with the

increase of &.

As the number of extra dimensions is increased from n = 2 to n = 4, in the case of a minimally coupled
field (¢ = 0) we see that the ratio decreases slightly and then rises again for larger values of n. This
behaviour has also been reported in the absence of a cosmological constant for the higher-dimensional
Schwarzschild black hole in [116]. For non-vanishing but small values of the coupling £ < 0.1 we see
that this behavior still persists in some regions of the parameter space while for an even stronger field
coupling £ > 0.1 the increase in n clearly favors the enhancement of the bulk channel resulting (in
combination with a large value of ) to even 3 times more energy being emitted in the bulk than on
the brane! This bulk dominance is expected to be further enhanced with even larger values of the

field coupling.

3.4 Conclusions

In this chapter, we studied the Hawking radiation spectrum of a higher-dimensional Schwarzschild-de
Sitter (SdS) black hole that decays in the form of scalar particles on the brane and in the bulk. The
field theory we considered is that of a massless scalar field that exhibits a non-minimal coupling to
gravity. To obtain the Hawking spectrum, the exact form of the greybody factors (GF) over the whole
energy regime is necessary and their approximate analytic expressions derived in the previous chapter
do not suffice. To this end, we developed a numerical technique in order to solve the Klein-Gordon
equation and compute the GF valid throughout the energy regime and for arbitrary values of the
parameters, namely the field’s non-minimal coupling (§) and angular momentum (7), the number of
extra dimensions (n) and the cosmological constant (A). An excellent agreement between the analytic
and numerical results is observed in the low-energy regime (and in some cases even beyond that)
when £ and A are small. Using the exact GF we computed the Hawking spectrum in both the brane
and the bulk and studied in depth its features. We found that the effect of ¢ is to suppress the
energy emission rates while the role of A is “dual” and depends on the value of the field coupling. We

finally computed the relative emission rates and total emissivities in the brane and bulk channels of
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emission and concluded that the bulk channel becomes the dominant one when a strong field coupling

is combined with a large number of extra dimensions.



Chapter 4

The effect of the temperature on the Hawking
spectrum of Schwarzschild-de Sitter black holes

Based on Hawking’s area theorem [144, 145] stating that the surface area of the classical black-hole
horizon can never decrease, Bekenstein conjectured that the entropy contained in the black hole should
be related with to the surface area of the event horizon [44]. This observation opened the way to the
formulation of the laws of black-hole mechanics [43] that closely resemble the laws of thermodynamics.
In this analogy, that remains a mathematical one in the classical level, the internal energy (U) and
entropy (S) are related to the mass of the black hole (M) and the surface area of the event horizon

(A) respectively. A system that has energy and entropy, inevitably has temperature T' associated to

it via

1 98

- - 4.1
and so, pursuing this analogy further, it is tempting to assign a temperature to the black hole as well
given by

1 0A

— = —. 4.2

T, OM (4.2)

It is clear that T}, is a geometric quantity since both the surface area of the horizon and the mass of the
black hole are related to the geometry. As an example, for the Schwarzschild metric in 4 dimensions
M ~rp, and A ~ 7“,% where 7, is the radius of the event horizon and so T}, ~ 7"}71. It turns out that

the black-hole temperature is proportional to the surface gravity (x) of the black-hole horizon!

hkp,
I, =—1. 4.
h 2 ( 3)

At first, this formula was considered nothing more than an interesting mathematical consequence of
the relation between the first laws of thermodynamics and black-hole mechanics since classical black
holes absorb everything and thus are by definition, objects with zero temperature. It was only a
few years later that Hawking treated black holes semi-classically [48] and found that when quantum
effects are taken into account black holes radiate particles with a thermal spectrum at a temperature
given exactly by eq. (4.3). So eventually, T}, was identified with the actual temperature of the black
hole! This relation between surface gravity and temperature is not restricted only to the black-hole
horizon. For every Killing horizon in a given spacetime, one can associate a temperature proportional

to its surface gravity.

IFor the rest of the thesis we set h = 1.

85
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In the case of the Schwarzschild-de Sitter (SdS) spacetime both the black-hole (r;) and the cosmo-
logical (r.) horizons are Killing horizons and as a consequence each one has its own temperature. In
general, as we shall see, the black-hole temperature is larger than the one of the cosmological horizon
and so a problem immediately arises. An observer located in the causal part of the SdS spacetime
(rp, < r < re) can never be in true thermal equilibrium since due to the temperature gradient there
will be a constant flow of heat from the hotter black-hole horizon towards the colder cosmological

horizon.

A second obstacle towards the thermodynamic description of the SdS black hole is the absence of
an asymptotically flat observer with respect to whom the surface gravity (and as a consequence the
temperature) is traditionally defined. Through the years, in order to circumvent these issues, various
proposals have been made in the literature regarding the appropriate way to define the SdS black-hole

temperature.

In this chapter, we compare six different expressions for the temperature of the HD SdS black hole
and study their effect on the differential energy emission rates and the total emissivities on the brane
and in the bulk when the field theory is that of a massless scalar field with a non-minimal coupling
to gravity. Another important element of this study is that we do not restrict the value of the
cosmological constant (A) only to small values. Instead we consider values of A that span the whole
allowed regime up to the Nariai limit. The motivation for this is the radical differences exhibited by

the various temperatures in this limit.

Two of these temperatures are “black-hole temperatures” in the sense that involve only the surface
gravity of the black-hole event horizon and differ in the way that the Killing vectors are normalized.
The other four belong to the category of the recently proposed “effective temperatures” that involve
both the black-hole and cosmological horizon surface gravities. One of the four effective temperatures
we study, is valid only in 4-dimensions since its derivation is based on 3-dimensional spatial volumes
and its generalization in higher-dimensions requires careful consideration. This is why we only intro-
duce it in the final section of the chapter where we focus on the effect of the temperatures on the

4-dimensional Hawking radiation of SdS.

4.1 Black-hole thermodynamics in the presence of a cosmological

horizon

The analogy between thermodynamics and black-hole mechanics [43] associates the temperature of the
black hole with the geometric quantity of surface gravity (k) evaluated at the location of the black-
hole event horizon. The physical interpretation of the latter becomes clear only when the spacetime
is static. It corresponds to the force (as it is measured by a non-accelerated observer) that has to be

exerted on a unit mass in order for it to remain static exactly on the location of the horizon [15, 22].
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Mathematically, the surface gravity can be obtained in terms of the underlying symmetries of the

metric. Consider an isometry of the metric i.e. an infinitesimal coordinate transformation of the form

/

z%(x) =z (x) =2%z) + eK(2), e € 1, (4.4)

that leaves the metric invariant. The associated vector field K%, that generates this isometry, “points”

in the direction along which the metric remains unchanged. Such a field satisfies Killing’s equation
VEKY + VVK* =0, (4.5)

where V* is the covariant derivative and is thus called a Killing vector field (KVF). For every isometry
of the metric there exists an associated KVF and any linear combination of KVFs with constant
coefficients is a KVF since it will still satisfy eq. (4.5). As a consequence, the KVFs are defined up

to a normalization constant.

The surface gravity on the black-hole horizon (r}) is then obtained via the following limit [15, 22, 26,
146]:
1
Ky = —— lim (V*K")(V,K,), (4.6)

r—=Th
in terms of a KVF K* that is timelike at infinity and becomes null on r,. Thus, in order to associate
surface gravity to the horizon the latter has to be a Killing horizon defined by the condition that the

norm of the KVF vanishes on it.

If the metric is time-independent there is a timelike Killing vector K* that points in the ”time

direction” along which the metric is invariant. This KVF will then have the following form [15]:

0

where ~; is a normalization constant.

Turning to the SAS spacetime, that as we have seen is static and so it has a KVF of the form of eq.

(4.7), we can compute the norm of K* to get
K% = gunEKMEN =~2gy = —2h(r). (4.8)

The metric function h(r) (2.7) is positive for all values of the radial coordinate in between the black-
hole and cosmological horizon radii. It is then clear that K* is timelike in the causal patch of SdS
and becomes null on the locations of both r;, and r.. So, the two horizons of SdS are Killing horizons
and thus temperature can indeed be associated to each one of them via their corresponding surface

gravity.

Substituting eq. (4.7) into eq. (4.6) one concludes that for a general static and spherically symmetric

spacetime, the surface gravity (4.6) is [147]
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1 Yt 1
= iwmtt,r’r:rh = §|a7'h(/r)‘7':’fh ) (4.9)

Kh
and consequently can be simply obtained in terms of the first derivative of the metric function with
respect to the radial coordinate. Applying eq. (4.9) for the metric function (2.7) we find that the

surface gravity on the location of the black-hole horizon of the higher-dimensional SdS black hole is

k=2 (1) = (n+ 3)]\7%} , (4.10)
2ry,
where n is the number of extra dimensions, A = 2\/(n + 2)(n + 3) and we have used eq. (2.24)

evaluated at r = rj to eliminate the mass parameter .

The ambiguity, introduced in the expression of the surface gravity with ~, is lifted by appropriately
normalizing K* at the location of the static observer. For asymptotically-flat black holes, the static
observer lies in spatial infinity with a four-momentum P* that “points” in the direction of time
translations. Thus her four-momentum will be proportional to the timelike KVF. Usually, P* is

normalized as P*P,, = —1 and this also fixes the normalization of the KVF [15, 148]

lim K"K, =} Tli)rgo(—gtt) = 2 =-1. (4.11)

7—00

In the presence of a cosmological horizon, the static observer is located at ¢ (2.14) instead, where the
black-hole attraction is canceled exactly by the repulsion of the cosmological constant. In the “naive”
approach, the KVF is normalized to unity at ro as well [99, 149]. This way, the following expression

for the “bare” black-hole temperature is obtained:

To (n+1) — (n+3)Ar3 ||, (4.12)

 Anry,

and in a similar way the cosmological-horizon temperature in terms of the surface gravity at r.
[50, 85, 96] may be defined

o= [+ 1)~ (0t 3)ir?]

Arr,

(4.13)

where the minus sign in the last expression has been introduced in order to have a positive-definite
temperature . Finally, notice that since rj, < r. the black-hole temperature will always be larger than
the cosmological-horizon one. This is the root of another issue that plagues the SAS thermodynamics

namely the absence of thermal equilibrium due to the temperature gradient.

To deal with this problem, the usual approach is to treat the horizons as independent thermodynamic
systems [50, 119, 150]. This is indeed a reasonable assumption as long as the value of the cosmological

constant is very small so that one may ignore the effect of the cosmological horizon (r. — o). In
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this case, the “naive” normalization (4.12) is a very accurate approximation since h(rg) — 1 and the

static SAS observer resembles greatly the asymptotically Minkowski one (see section 2.1.2).

By considering larger values of A, the two horizons are located closer, and the bare normalization
for the temperature of the black hole is no longer a good approximation. To account for the absence
of the asymptotically flat limit, a different normalization for the KVF at ry has been proposed by
Bousso and Hawking [119]

lim K*K, =} rh—glo(_gtt) = —2h(ry) = -1, (4.14)

=70

and this amounts to setting 7, = 1/4/h(r9). The temperature obtained with this normalization is also

commonly used in the literature [3, 96, 106] and has the following form:

1

TBH - 47T7’h h(?“()) |:(

n+1)—(n+ 3)]\r,ﬂ , (4.15)

where the value of the metric function h(r) at r¢ is

h(rg) = nil ((n+1) — (n+3)Ar3)] (4.16)

Notice that even this “improved” expression for the SdS black-hole temperature is employed under
the assumption of independent horizon thermodynamics since the effect of the temperature of the

cosmological horizon on the emission is ignored.

Although in the previous chapter we studied the Hawking radiation of the HD SdS black hole with
Tpp as the temperature both on the brane and in the bulk, our analysis was restricted to small
values of the cosmological constant. Here, the inclusion again of Tgz in the study of the effect of the
temperatures on the power spectra is twofold. On the one hand, it serves as a reference to the results
of the previous chapter and on the other hand it allows for the study of its corresponding spectra

when A = A, a limit we consider in this chapter.

In Fig. 4.1 we can see the dependence of the two black-hole temperatures Ty and Tpy depicted with
blue and red curves respectively as the cosmological constant spans the whole allowed regime up to
the critical limit. In the left panel, we have the case of n = 2 extra dimensions and we observe that
as A increases, Ty gets suppressed according to eq. (4.12). On the other hand the Bousso-Hawking
normalized temperature increases. This is a consequence of the fact that as A grows the value of h(rg)

decreases (see sec. 2.1.2) resulting in a boost of Ty for nearly all values of A.

In the right panel of Fig. 4.1 where n = 5 the bare temperature still gets monotonically suppressed
while the enhancement of Tpy with the cosmological constant is now restricted to the low- and
intermediate-A regime. Beyond that point, the boosting effect of the lowering of the value of the

denominator h(rg) is not sufficient to counter the rapid decrease of the numerator for large values
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of n. Independently of n, Tpy is always larger than Ty throughout the allowed A values (see also
[106] where a similar comparison has been performed) and the two expressions match only in the
limit A — 0 where h(rg) — 1. This is the limit of a vanishing cosmological constant and as one
would expect, the asymptotic low-A value at which the two temperatures coincide corresponds to the
temperature of the HD Schwarzschild black hole

(1+n)

T, = . 4.17
h 47ry, ( )

In the other extreme limit where A — A.p; [90, 151, 152], the bare temperature vanishes while Tz
assumes a non-zero value as a consequence of the simultaneous vanishing of the denominator and

numerator of its expression (4.15) that leaves the ratio constant.

To study the effect of the number of extra dimensions on the temperatures, in Fig. 4.2 we consider
two fixed values for A = 0.1 and 0.8 (in r,;2) as n ranges from 0 to 5. Focusing again on the black
hole temperatures, we see that they both increase monotonically with n while at the same time, the

difference between them decreases as the value of A becomes smaller.

The validity of the above two expressions egs. (4.12) and (4.15) for the temperature gets compromised
as the cosmological constant is increased. This is related with the basic requirement that the two
horizons be located sufficiently apart in order to ignore the effect of T, on the emission of the black
hole and, consequently, this limits the potential analyses. In an effort to take into account the effect
from both of the horizons in the thermodynamic description of the SdS black hole and deal with
the absence of thermal equilibrium, the notion of the effective temperature appeared in recent years

[153]. Contrary to the previous approach where each of the horizons has its own respective first
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FIGURE 4.1: Temperatures for a (4 + n)-dimensional Schwarzschild-de Sitter black hole as a function
of the cosmological constant A, for: (a) n =2, and (b) n = 5.
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FIGURE 4.2: Temperatures for a (4 + n)-dimensional Schwarzschild-de Sitter black hole as a function
of the number of extra dimensions n, for: (a) A =0.1, and (b) A =0.8.

thermodynamic law and is studied independently, in the effective thermodynamics proposal a single

postulated global first law is assigned to the system?
OM =T.p70S — PeyyoV, (4.18)

where M is the mass of the black hole, T.r; the effective temperature, S is the total gravitational
entropy while in the role of pressure we have the cosmological constant P.;y = A/8m. Finally, the
volume V is defined as the thermodynamic conjugate of pressure. In this picture, the system effectively

corresponds to a single horizon at temperature T¢y .

Depending on the way one interprets the L.h.s. of eq. (4.18) one ends up with different expressions
for the black-hole temperature. If the black-hole mass M is identified with the enthalpy of the
system (M = —H) and the total entropy is taken to be the sum of the entropy of the two horizons
(S =Sy + S¢), then the following effective temperature is obtained [153-158]:

1 1\ 7T
T — _ _ 4.19
eff (TC Th) Ty —T.’ (4.19)

that is given in terms of both the black-hole (7}) and cosmological-horizon (7.) temperatures. In

4 + n dimensions, after substituting eqgs. (4.12) and (4.13) the explicit form of T, s¢— turns out to be

Ty =L @D =t Dt A +72) + (n+ 3 A%rjnd | (4.20)
4 (rn+7e) [(n+1) — (n+ 3)Aryr]

2Extra “work terms” are included here for more general black holes such ones that are charged and /or rotating.
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It is interesting to see what happens to the above expression when we consider the limits r, — 0
(removing the black hole from the setup) and r. — oo (vanishing cosmological constant). In the former
case and according to what one might expect, T,;s_ reduces to the temperature of the cosmological
horizon (4.13). On the other hand, if the limit 7. — oo is considered, one does not end up with the
black-hole temperature (4.12) but rather with a vanishing result. This shows, that T¢f¢_ is valid only
for A # 0 since the cosmological constant plays the role of the pressure and is always considered to be
non-zero and positive in the related analyses. Still, this is not a drawback of the effective approach

because the need for such a thermodynamic interpretation arises exactly when A # 0.

That is not to say that T, ;s is completely free of problems. In more complicated spacetimes such as
in the case of the charged SdS, the temperatures of the black-hole (7}) and cosmological (7.) horizons
are not ordered. This means that depending on the value of the charge we may have T}, < T, Ty, =T,
or even Tp, > T,. Thus from eq. (4.19) we see that this effective temperature can be non-positive or

even divergent.

The dependence of Tprr_ on the cosmological constant is shown in Fig. 4.1. We see that it is
enhanced with A and in the Nariai limit attains a non-zero value, similarly to the Bousso-Hawking
normalized black-hole temperature as a consequence of the simultaneous vanishing of its numerator
and denominator. Regarding the effect of n on T, s we see, in Fig. 4.2, that the larger the number
of extra dimensions, the more suppressed this effective temperature gets contrary to the behavior
exhibited by the black-hole temperatures of eqs. (4.12) and (4.15).

It has been pointed out in [158], that if the total entropy in eq. (4.18) is not taken to be the sum but
rather the difference between the entropy of the two horizons i.e. S =S, — S}, then, the corresponding

effective temperature

1 1\ Ty T,
) = 0 (4.21)

T = R — R — =

eff+ (TC+TO T0+TC’
may be defined, that is free of the problems that plague T,;s_. This proposal has been characterized
as an “ad hoc” one since it can only be justified by the fact that it avoids the pathologies mentioned

above.

In Fig. 4.1 we see that in the limit of a vanishing cosmological constant A — 0, T¢rr4 goes to zero
similarly to Ters—, as it is also an effective temperature. Another way to see this is via eq. (4.21)
where in this limit, 7, — 0 while Ty # 0. As A increases, so does Ty, until approximately 0.5 Agpi¢
beyond which point a further increase of A results in suppression of Tss,. Finally (and contrary
to Tpr— this time) in the critical limit, T, ¢4 goes to zero. This vanishing can be seen clearly in
eq. (4.21) where due to the fact that Tp — 0 as A — A.px the numerator vanishes faster than the

denominator.
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For the (4 + n)-dimensional SdS black hole the explicit form of eq. (4.21) is

1 (n+ 1% — (n+ 1)(n+3)A@? +r2) + (n + 3)2A%rir?
ettt = I (rh = 7e) [(n+ 1) + (n + 3)Aryre] ’ (422

Notice that by taking the limit r;, — 0 in the above expression that amounts to removing the black
hole from the setup, one recovers the cosmological horizon temperature (4.13), a feature exhibited by

Teyp— as well.

In [4], inspired by the way that the authors of [158] introduced Ti.fsy in order to deal with the
problematic behavior of T, s, we proposed yet another effective temperature. We have found that if
we follow along the calculation that yielded T, ;¢_, by assuming that the total entropy corresponds to
the sum of the entropy of the two horizons and merely employ Ty instead of Ty for the black hole

temperature, we end up with

1 1\ ! TgyT.
T _ (L _ _tpHic 4.23
effBH <Tc TBH) Ty — 1T ( )

We believe that this effective temperature is a more “natural” choice compared to T, s, proposed
in [158], since in its derivation the total entropy of the system is obtained as the sum of the entropy
on the boundaries. Still, one may argue that the use of the Bousso-Hawking normalization for the
black-hole temperature imposes the same normalization for the surface gravity of the cosmological
horizon. We have also studied this case and we have found that if one uses T.py = T,/ \/m as
the temperature for the cosmological horizon, the resultant effective temperature behaves similarly to
Tefp— for small values of A, but is divergent in the critical limit! Of course this is an unacceptable

behavior for the temperature and thus this scenario has to be discarded.

By substituting eqs. (4.13) and (4.15) in eq. (4.23) we obtain the following explicit expression for

Tefrpa in 4 + n dimensions:

1 (n+1)? = (n+1)(n+3)A0rE +r2) + (n+ 3)*A%rir?
dm (rny/h(ro) +7e) [(n +1) = (n + 3)Aryr] '

TerrBH = — (4.24)

In the limit 7, — 0, the expression above reduces to the temperature of the cosmological horizon
(4.13) while for a vanishing cosmological constant it goes to zero similarly to the rest of the effective
temperatures. This can be seen both via eq. (4.23) where T, — 0 while Ty # 0 and in Fig. 4.1
where the dependence of the temperatures on A is depicted. In the Nariai limit, we see that Tcfrpp is
vanishing and this is a consequence of the non-zero value of Ty and the fact that T, — 0 in this limit.
To convince oneself that 7, indeed vanishes, one may compare eq. (4.13) with eq. (4.12) and after
recalling that in the critical limit r, — r., conclude that Ty = T, as A — A..;z. We also point out the
interesting profile of T,;spy that matches T¢yy— and Tp in the low- and high-A regimes respectively

as can it can be seen in Fig. 4.1.
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Finally, notice that both T,rr, and T.rrpy get monotonically suppressed with the number of extra
dimensions as Fig. 4.2 reveals. This of course matches the behavior of T,y and thus a general
conclusion that can be drawn is that all of the effective temperatures we consider in this chapter get

suppressed with n.

4.2 Power spectra for minimally-coupled scalar fields.

Now that we have introduced the expressions of various temperatures that are employed in the ther-
modynamics of the SAS spacetime we turn to the study of their imprint on the Hawking radiation. In
this section, we focus on the emission of scalar fields that are non-minimally coupled to gravity and
study both the brane and bulk channels of emission. The profile of the spectrum as it appears to the

non-accelerated observer located at ro (2.14) will be given by the Hawking formula [96, 116, 117]

d*E 1 N AP w

— S bl B 4.2
dtdw 2w = exp(w/Th) — 1 ’ (4.25)

where [ is the field angular momentum quantum number, N; is the multiplicity of states (3.18), |A|? is
the greybody factor (GF), w is the energy of the emitted particle and T}, is the temperature. In chapter
2 the form of the GF for the HD SdS black hole has been computed analytically albeit employing
an approximation scheme and as a result, these expressions are limited in the low-energy regime and
for small values of the field coupling & and cosmological constant A. To compute the power spectra
we need the exact form of the GF that is valid for all values of the parameters and throughout the
energy regime. The latter has been obtained by means of the numerical technique we developed in
chapter 3. Here, we will use these exact forms of the GF to compute the power spectrum for each of
the two SdS black-hole temperatures Tp and Ty as well as for the three effective ones Tprr_Terry

and Ter g, and compare the effect that each temperature expression has on the spectrum.

Before we move on to the study of the power spectra, an important comment is in order. The values
of the parameters n and A used in the figures of this chapter are compatible with the constraint (2.12)
that guarantees the existence of only two physical horizons in SdS (even though these values appear
to contradict the entries of Table 2.1). To obtain the critical values of A..;; that are shown in Table
2.1 we had fixed the mass parameter of the metric function (2.7) to p = 1, while in the analysis of this
chapter, we fixed the value of the black-hole horizon r;, = 1 and substituted the mass parameter u via
eq. (2.24) evaluated at 7, into eq.(2.12) in order to obtain A.;. In Table 4.1 we give the maximum

allowed values of A corresponding to the Nariai limit, obtained when r, = 1.
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4.2.1 Emission on the brane

Starting with the brane channel in Fig. 4.3, we fix the number of extra dimensions to n = 2 and use
four different values of the cosmological constant namely A = 0.8,2,4 and 5 (in units of 7“,;2) to plot

the power spectra for the various temperatures.
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FIGURE 4.3: Energy emission rates for scalar fields on the brane from a 6-dimensional (n = 2)
Schwarzschild-de Sitter black hole for different temperatures T, and for: (a) A = 0.8, (b) A =2, (c)
A =4, and (d) A =5 (in units of r;, 2).

Notice that, when n = 2 the Nariai limit is reached for A = 67} % (see Table 4.1). So, the four values

we have used for A (here and in the following figures) have been appropriately chosen in order to

| n [ofr]2[3 4[5 ]
| Aca(ry®) [ 1]3]6]10]15]21]

TABLE 4.1: Indicative values of A..;; for r, =1 and for n € [1,5] N Z.
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encapsulate the profiles of the spectra away from and close to the critical limit.

In Fig. 4.3(a), we have fixed A = 0.8 &~ 0.13 A+ for which all three of the effective temperatures
(see Fig. 4.1) are approximately an order of magnitude smaller than the black hole ones, T and
Tpp, depicted here with the blue and red curves respectively. It is the smallness of the effective
temperatures that leads to the observed heavy suppression of their corresponding differential energy
emission rates (EERs). We see that only the black-hole temperatures manage to produce significant
emission with the one normalized a la Bousso-Hawking to be the dominant one. In fact, for all values
of the cosmological constant, the power spectra corresponding to Ty are always the ones dominating

in agreement with Fig. 4.1.

Typically, the form of the EERs is to start from zero in the infrared limit, exhibit a peak for inter-
mediate values of the energy and then fade to zero again in the ultraviolet. So far, in the study of
the HD SdS black hole we have seen that the presence of the cosmological constant induces a non-
vanishing, low-energy limit for the GF, see egs. (2.80) and (2.117). This limit results in the radical
deviation of the low-energy profile of the spectra as the analysis of the previous chapter has already
revealed. Now, in Fig. 4.3 we see that when the temperature is also small, as is the case with the
effective temperatures for small values of A, the spectra are severally distorted in the intermediate
energy regime as well. Notice that the low-energy asymptotic value in these cases is also the maximum
value for the EER while as the energy is increased the power curves monotonically decrease to zero.
Similar behavior is also observed in the Nariai limit when the temperatures Ty, 1.t ¢4+ and Terrpy are

employed since they are vanishing close to Agpgt.

By inspection of eq. (4.25) one can see that the low-energy asymptotic limit of the EERs is

d’°E
dt dw

1 N; |A|2w - |A|§eomTh

T or exp(w/Ty) — 1 - 2r
l w—0

(4.26)

’w—>0

where |A|§eom is the geometric limit of the greybody factor on the brane (2.80), exhibited only for the
dominant mode of the field and thus only the [ = 0 term of the infinite sum contributes. We see that,
in the infrared limit, the asymptotic value exhibited by the EERs is proportional to the temperature.
This is the reason why we have this “hierarchy” of the infrared limits of the curves (in accordance

with Fig. 4.1).

As we have seen in the previous section, the effective temperatures T,¢r— (purple curve), Tersi
(orange curve) and Terfpp (cyan curve) are enhanced for intermediate values of A . This is why,
in Fig. 4.3(b) where A = 2 ~ 0.33 A, their power spectra are now clearly boosted. Still, for this
value of the cosmological constant, it is the black-hole temperatures that produce the most emissive

spectra.

As the cosmological constant is further increased in Fig. 4.3(c) to A = 4 = 0.66 A.r the curve

corresponding to T,r¢_ is greatly enhanced compared to the milder enhancement exhibited by the rest
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of the effective temperatures. At the same time, the curve corresponding to the “bare” temperature

To gets suppressed and ends up lying below the T, ;s one.

Finally, as we approach the Nariai limit with A = 5 ~ 0.83 A in Fig. 4.3(d) the effective temper-
atures T,rpy and Torrpy as well as Ty approach zero and so their corresponding emission rates are
vanishing. On the other hand, the Bousso-Hawking normalized temperature T, ;rpr and the effective
Te.rs— as we have seen, assume non-vanishing asymptotic values (Fig. 4.1) and thus lead to significant
emission. It is worth pointing out that Tcfr_ yields its most enhanced spectra close to the Nariai

limit since this temperature is maximized for A = Ag.

Turning to Fig. 4.4, where we plot the EERs for n = 5 (A = 21 7772) and four values of the
cosmological constant A = 4,10,16 and 18 (in units of 7"}72) we observe a similar behavior to the n = 2
case studied above. Regarding the effective temperatures, their power spectra are very suppressed for
small values of the cosmological constant and then get slightly boosted as A is increased to intermediate
values. Close to the critical limit, their corresponding EERs are vanishing save for the one obtained

for the temperature T, ;s that is again maximized since it asymptotes to a non-vanishing value.

The EER obtained with the “bare” black-hole temperature T becomes gradually suppressed with
the increase of A until it vanishes in the Nariai limit. On the other hand, the Ty temperature’s EER
dominates for all the values of the cosmological constant. Even close to the critical limit, where T
gets slightly suppressed (Fig. 4.1) the latter still yields the most emissive spectrum. Finally, notice
that even though the value of Ty is smaller for A = 181";2 compared to its value when A = 167‘;2,
as Fig. 4.1 shows, the corresponding EER in Fig. 4.4(d) peaks higher than that of Fig. 4.4(c).
The reason behind this behavior is that the profile of the EERs is determined by the combined effect
of the value of the temperature and the GF . In the previous chapters, we discovered that for non-
minimally coupled scalar fields propagating in the HD SdS spacetime, the GF gets enhanced with the
cosmological constant and this is why the power spectrum gets boosted even though the temperature

has decreased.

4.2.2 Emission in the bulk

We now turn to the bulk channel of emission in order to study the effect that the different temperatures
have on the bulk EERs. Notice that in order to make the comparison between the two channels easier

we have used the same values of the parameters n and A to plot the spectra.

In Fig. 4.5 we consider two extra spatial dimensions (n = 2) and four values of the cosmological
constant A = 0.8,2,4 and 5 (where for n = 2 we have Ay = 67",:2). The behavior observed here
is similar to the brane channel. The Bousso-Hawking normalized temperature (Tpg) results to the
most emissive black hole even in the bulk under the combined effect of the large numerical value of

the temperature and the GF enhancement with A. The other black-hole temperature (Tp) yields
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FIGURE 4.4: Energy emission rates for scalar fields on the brane from a 9-dimensional (n = 5)
Schwarzschild-de Sitter black hole for different temperatures T, and for: (a) A =4, (b) A = 10, (c)
A =16, and (d) A = 18 (in units of r, ).

spectra that correspond to a significant amount of emission when A is small. For larger values of
the cosmological constant, we observe a gradual suppression of its corresponding EERs while as the
Nariai limit is approached the emission nearly stops due to the vanishing of the value of Ty in this

limit.

With respect to the effective temperature T.rr_ we see that its corresponding EER starting from a
nearly vanishing spectrum exhibits a gradual enhancement as the value of A increases until the critical
limit where T,fy_ obtains its maximum value. In this extreme limit, along with T’sy, they are once

again the only temperatures that produce non vanishing emission.

Turning now to the impact of the other two “ad hoc” effective temperatures T, ;s and Tefrpy on

the emission curves in the bulk, we see that only for intermediate values of A we have non-vanishing
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power spectra in agreement with the behavior of their corresponding temperatures given in Fig. 4.1.

The typical form of the differential energy emission curves in most cases depicted in Fig. 4.5 remains
highly distorted in the bulk channel as well. The combined effect of the low-energy asymptotic limit
exhibited by the EERs and the small values of the temperatures are responsible for this distortion of
the curves. Only Ty manages to sustain the “typical shape” throughout the allowed values of the

cosmological constant, followed by Tj in the low-A regime and T¢.¢;_ in the critical limit.

If we consider an even larger number of extra dimensions, we see in Fig. 4.6 where n = 5 that the
EER curves behave similarly to the case with n = 2. Comparing the brane (Fig, 4.4) and bulk
(Fig. 4.6) channels for a large number of extra dimensions, we observe an important difference. In
the bulk, the EERs obtained with the effective temperatures, are always more suppressed than their

corresponding ones on the brane. To understand why this is happening, one must recall that for these
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FIGURE 4.5: Energy emission rates for scalar fields in the bulk from a 6-dimensional

(n = 2)
Schwarzschild-de Sitter black hole for different temperatures T, and for: (a) A = 0.8, (b) A = 2,
(c) A=4, and (d) A =5 (in units of 7} ).
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EERs a very important factor that determines the form of the spectra is the low energy-asymptotic
limit (4.26). This low-energy limit compensates for the small values of the temperatures and thus
helps in “lifting” the curves from vanishing values. Then, a simple inspection of the expressions for
the geometric limit (]A|§€0m ) of the GF, given here in terms of the black-hole (r,) and cosmological

(7“8) hOI'iZOH radii, on the brane
|4’2 11}2112 (127)
geom ( g ]21)2 ) .

versus the one in the bulk
) B 4(Thrc)(n+2)
geom (,,,(7:1-5-2 + T,Z+2)2 ’

A (4.28)
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FIGURE 4.6: Energy emission rates for scalar fields in the bulk from a 9-dimensional (n = 5)

Schwarzschild-de Sitter black hole for different temperatures T', and for: (a) A = 4, (b) A = 10,
(c) A =13 and (d) A = 18 (in units of r, ?).
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reveals that as n is increased, the latter gets suppressed compared to the former and this is why the

bulk EERs are so much more suppressed than the brane ones for large values of n.

Having completed the study of the power spectra in both the brane and bulk channels for a wide
range of values of A (even up to the critical limit) we are now in place to draw some conclusions
regarding the EERs that correspond to the Bousso-Hawking normalized temperature as an extension
of the study performed in the previous chapter. As commented earlier, Tgy is the only of the five
temperatures considered here, that yields the most typical forms of the power spectra throughout
the allowed A values. The energy-profile of its corresponding curves as it is depicted in Figs. 4.3-4.6
verifies the results of chapter 3, that the EERs for minimally-coupled scalar fields are enhanced with

an increase of the number of extra dimensions and/or with an increase in the value of A.

In fact, it is worth pointing out that the cosmological constant boosts the emission of low- and
intermediate-energy particles in the following way: First, the low-energy asymptotic limit of the
EERs increases with A and this boosts the emission of very low-energy particles. Secondly, an effect,
that is more evident the larger the number of extra dimensions, is that the peak of the EERs gets
shifted towards smaller values of the energy as A grows. As a result the intermediate-energy particles

become more likely to be emitted.

4.3 Power spectra for non-minimally-coupled scalar fields.

In this section, we consider the propagation of non-minimally coupled scalar fields in the background
of the HD SdS black hole again both on the brane and in the bulk. The presence of the field coupling
to gravity (£), as we have seen in chapter 2, creates an “effective mass” to the otherwise massless
scalar field we considered in the previous section. This way, we study in a unified way both the effect

of a mass term and a non-minimal coupling to gravity on the spectra.

A second reason that motivates the study of non-minimally coupled fields is based on the conclusions
of the previous chapter, indicating that the in the presence of &, there is a critical value &..;+ above
which the enhancement of the spectra with A turns to suppression. Of course, this is a conclusion
drawn with the use of the Tpy as the temperature of the Hawking radiation and on top of that the
study was limited for values of the cosmological constant away from the critical limit. Now, we are
going to study the effect of this “dual role” of A for values up to A..;; and also see for the first time

how the EERs corresponding to different expressions for the temperature behave in the presence of &.
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4.3.1 Emission on the brane

In Fig. 4.7 we consider the emission on the brane of a six-dimensional SdS black hole (n = 2) when
the field coupling is fixed to £ = 1 and the cosmological constant assumes the following four values
A =2,28,4and 5 (in units of 7, ?).

A comparison of Fig. 4.7 with Fig. 4.3 shows that a non-zero coupling £ results in a general suppression
of the power spectra. Notice that this is the same effect induced by a mass term for the field [109-111].
As the study of the previous chapters revealed (see figures 3.3 and 3.7), in the non-minimally coupled
field case, the larger the value of &, the more suppressed the GF gets (a larger value of the field
coupling corresponds effectively to a more “massive” field). Thus, the power spectra are universally

suppressed regardless of the choice of the expression for the temperature employed.
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FIGURE 4.7: Energy emission rates for non-minimally coupled brane scalar fields, with £ = 1, from a
6-dimensional (n = 2) SdS black hole for different temperatures 7', and for: (a) A =2, (b) A = 2.8,
(c) A=4and (d) A =5 (in units of 7}, ?).
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Still, this suppression does not affect all the curves in the same way. A feature one immediately
observes in Fig. 4.7, is that the presence of the non-minimal coupling ¢ has restored the “typical
form” of the power spectra. This is due to the vanishing of the low-energy asymptotic limit of the
GF (see chapter 2 for more details) that is responsible for the deformation of the low-energy part of the
EERs as we have seen in the previous section. As a consequence, the emission curves corresponding
to the effective temperatures and Ty that exhibit their maxima in the low-energy region get affected
the most by a non-vanishing £. In contrast, the curves of Tpy (and T,.¢s— close to the critical limit)

are the ones that are less sensitive to the field coupling.

It is well-known that the presence of a mass for the field (in our case an “effective mass” when £ # 0)
affects the low-energy region of the EERs by forcing the emission curves to “start rising” from zero at
a larger value of w the more massive the field is. Recall that the magnitude of the effective mass (2.18)
is proportional to the product £A. So, by naively inspecting the behavior of the power spectrum with
T as the temperature in Fig. 4.7 one may wonder why as the value of A grows, the emission curve
“picks up” at smaller values of w instead. The reason is that Ty gets enhanced with the cosmological

constant as depicted in Fig. 4.1 and it is this effect that dominates.

We have performed the same analysis for the brane channel in the case of a larger number of extra
dimensions (n = 5) and the behavior exhibited by the emission curves follows closely along the one
depicted for n = 2. The Ty emission curve once again dominates in all cases but due to the larger
value of n we observed that in the low-A regime the difference between the EERs corresponding to
the two black-hole temperatures Ty and Tpp is smaller than the one shown in Fig. 4.7(a). This is a
consequence of the fact that the difference between the two temperatures is reduced as n grows (Fig.
4.1).

Again, as the value of A is increased, the EER corresponding to the “bare” black-hole temperature
gets suppressed until the emission stops at A¢.;+. On the other hand, it is exactly in this limit that the
emission curve with Terr_ as the temperature is maximized and along with the EER corresponding

to Ty are the only two curves that produce significant emission.

4.3.2 Emission in the bulk

Turning now to the bulk channel, in Fig. 4.8 we plot the profiles of the emission curves for the various
temperatures in n = 2 extra dimensions and four values of A while the field coupling has been fixed
to £ = 1. The power spectrum for the Bousso-Hawking temperature (Tsp) clearly dominates. The
other black-hole temperature Ty yields significant amount of emission only for small values of the

cosmological constant and is gradually suppressed with an increase in A.

The vanishing of the low-energy asymptotic limit of the emission curves due to the presence of £ in

conjunction with the small values of the effective temperatures yields highly suppressed spectra for
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these temperatures. Only the curve corresponding to 7, ;s manages to produce significant emission
close to the critical limit. The same behavior for the emission curves in the bulk channel has been

observed when the number of extra dimensions is larger (n = 5).

Having completed the study of the emission curves both on the brane and in the bulk for minimal and
non-minimal coupling of the field as well as for a small and large number of extra dimensions, let us
focus once again in the EER of Ty that we had also employed in the study of Hawking radiation in
the previous chapter. We would like to address again the question of which is the preferred channel
of emission in light of the extended analysis in terms of the range of values for A considered in this

chapter.

In the minimal coupling case (£ = 0), by comparing the vertical axes of Fig. 4.3 and Fig. 4.5 we
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FIGURE 4.8: Energy emission rates for non-minimally coupled bulk scalar fields, with £ = 1, from a
6-dimensional (n = 2) SdS black hole for different temperatures T, and for: (a) A =2, (b) A = 2.8,
(c) A=4and (d) A =5 (in units of 7}, ?).
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observe that in the large-A regime the bulk channel dominates even for small values of n. This bulk
dominance becomes more prominent with n as the comparison between Fig. 4.4 and Fig. 4.6 reveals.
For £ # 0, by inspection of the vertical axes in Fig. 4.7 and Fig. 4.8 we see that the bulk channel
dominates over the brane one for values of A larger than approximately 31",:2 up until the critical

value.

Even though we were able to draw some qualitative conclusions regarding the preferred channel of
emission simply by inspection of the profiles of the EERs a more quantitative investigation is deemed

necessary. To this end we are led to the calculation of the relative emissivities in the next section.

4.4 Bulk-over-brane relative emissivities

We now focus on the effect the different definitions for the temperature in the SdS spacetime have on
the bulk-over brane emissivity ratio. To do this, we integrate the differential energy emission rates
throughout the energy regime on the brane and in the bulk and compute their ratio. This way, we are
able to conclude which is the preferred channel of emission for the black-hole decay with respect to
the values of the parameters of the system (n, A and &). In the previous chapter the relevant analysis
was restricted only to the power spectra obtained with the Bousso-Hawking normalized temperature
(4.15) and for values of the cosmological constant far from the critical limit. In this sense the study

we perform here supplements and extends the one of section 3.3.2.

The bulk-over-brane emissivity ratio has been computed and the results we obtained for a six-
dimensional (n = 2) SdS black hole are shown in Tables 4.2 to 4.5. The values for the field coupling
and the cosmological constant we employed are respectively & = 0,0.5,1,2 and A = 0.3,1,2,4,5.
Recall that for n = 2 the critical limit corresponds to A = 6 7772 and so, these values are indicative of

the whole allowed range.

Let us start with the bare black-hole temperature T that is the only one of the temperatures we have
studied that yields a bulk-over-brane ratio that behaves differently from the rest. When the field is
minimally coupled, we observe an enhancement of the bulk channel with the cosmological constant
while on the other hand, when £ is non vanishing, the larger the value of A the more favored the brane

channel becomes and thus the ratio is decreased. This can be interpreted as a consequence of the

TABLE 4.2: Bulk over brane total emissivity for n =2 and £ =0

’ A — H 0.3 1 2 4 5

Th 0.259268 | 0.304247 | 0.402190 | 0.663547 | 0.781833
TBH 0.338245 | 0.506324 | 0.798603 | 1.929660 | 3.247190
Tepp— || 0.032997 | 0.132329 | 0.319508 | 0.860880 | 2.071590
Tepre || 0.032507 | 0.125599 | 0.298895 | 0.717772 | 0.884068
Terrpa || 0.032950 | 0.130510 | 0.309000 | 0.669669 | 0.792598
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TABLE 4.3: Bulk over brane total emissivity for n =2 and £ = 0.5

’ A — H 0.3 1 2 4 5

To 0.281627 | 0.220836 | 0.160691 | 0.089933 | 0.067954
TBH 0.369359 | 0.450873 | 0.629061 | 1.617200 | 2.962410
Tepp— || 0.003762 | 0.012441 | 0.038311 | 0.432708 | 1.710000
Teppe || 0.003424 | 0.008841 | 0.014009 | 0.019979 | 0.021436

Terrpm || 0.003725 | 0.011167 | 0.022578 | 0.046074 | 0.052124

TABLE 4.4: Bulk over brane total emissivity forn =2 and £ =1

’ A — H 0.3 1 2 4 5

To 0.286455 | 0.165240 | 0.089413 | 0.032550 | 0.020609
TH 0.380420 | 0.387464 | 0.500779 | 1.364060 | 2.704060
Tepp— || 0.001233 | 0.003214 | 0.011410 | 0.279735 | 1.433260
Tepp+ || 0.001140 | 0.002529 | 0.003787 | 0.005227 | 0.005582
Terrpm || 0.001222 | 0.002907 | 0.005497 | 0.012099 | 0.013918

TABLE 4.5: Bulk over brane total emissivity for n =2 and £ = 2

’ A — H 0.3 1 2 4 5

Th 0.280978 | 0.099559 | 0.035998 | 0.007446 | 0.003698
TH 0.382963 | 0.287373 | 0.331984 | 1.002190 | 2.289020
Tepp— || 0.000222 | 0.000471 | 0.001935 | 0.138896 | 1.045890
Tepps+ || 0.000216 | 0.000410 | 0.000580 | 0.000778 | 0.000828
Terrpm || 0.000221 | 0.000438 | 0.000738 | 0.001767 | 0.002089

vanishing of the low-energy asymptotic limit of the EER when ¢ is “switched on”. The emission curve
with Tj is among those that exhibit their maximum in the low-energy regime and is thus significantly
affected. Clearly the bulk EERs are the ones affected the most in the low-energy region leading to

the observed brane channel dominance with A.

Turning to the rest of the temperatures, i.e. the three effective ones T,rr_, Torr4, Terrpn and the
Bousso-Hawking normalized one Ty, we observe a similar behavior for the bulk-over-brane ratio.
In particular, we see that the brane channel dominates in the low-A regime regardless of the value
of the field coupling while as A assumes larger values, it is the bulk channel that gets enhanced. To
understand this, one has to recall firstly that when A increases, the peaks of the emission curves in the
bulk get shifted towards larger values of the energy and thus more energetic particles are accounted
for the emission in this channel. The second factor is that for larger values of A the peaks of the

emission curves in the bulk are located higher than the corresponding brane ones.

It is interesting to point out the values for the bulk-over-brane ratio obtained when the only two tem-
peratures that asymptote to non-vanishing values in the critical limit (Tpy and T,¢s_) are employed.
For these temperatures it is the bulk channel that dominates over the brane even by a factor of 3 close
to the critical limit. This bulk dominance has has been anticipated based on the results we obtained

in section 3.3.2.



107

Regarding the effect of the field coupling (£) on the ratio, we observe a general suppression, i.e.
enhancement of the brane channel of emission, the stronger the field couples to gravity. This effect
applies to nearly all values of the cosmological constant as only for small values of A the ratio is

increased with &.

To study the effect of the number of extra dimensions on the bulk-over-brane ratio of emissivities we
then set n = 5 and for £ = 0,0.5,1 and 2 we chose indicative values for A = 1,4,10, 13 and 18 r;z that
once again span the whole allowed range (for n = 5 we have Aq = 21 r;2). The results are shown in
Tables 4.6 to 4.9.

By inspection of the entries of Tables 4.6 to 4.9 we see that the general behavior we observed in n = 2
extra dimensions is exhibited also for n = 5 but amplified. As an indicative example, we point out
the bulk dominance for Tgy and T, sy close to the critical limit for all values of £ that even yields a
bulk-over-brane ratio of approximately 15 when the field is minimally coupled and Ty is employed.
Finally, notice that the enhancement of the ratio with £ that was also observed when n = 2 and A
assumed small values is now sufficient to make the bulk channel the dominant one in this regime for
Tpr and Ty (Table 4.9).

TABLE 4.6: Bulk over brane total emissivity for n =5 and £ =0

’ A — H 1 4 10 13 18

Th 0.296070 | 0.299653 | 0.357216 | 0.422606 | 0.584868
TeH 0.419245 | 0.818056 | 2.578580 | 4.629670 | 14.18230
Tepp— || 0.000267 | 0.010603 | 0.140588 | 0.328066 | 4.192670
Tepp+ || 0.000265 | 0.010319 | 0.137045 | 0.291825 | 0.658816

Teprpr || 0.000267 | 0.010549 | 0.134856 | 0.273098 | 0.559205

TABLE 4.7: Bulk over brane total emissivity for n =5 and £ = 0.5

’ A — H 1 4 10 13 18

Th 0.468836 0.288097 | 0.099659 | 0.054591 | 0.016835
TBH 0.641474 | 0.841435 | 1.770690 | 3.060490 | 11.19970
Tepr— || 3.152 109 1 0.000090 | 0.002028 | 0.018275 | 2.231760
Tepre || 2.898 109 1 0.000071 | 0.000552 | 0.000923 | 0.001500
Teprpr || 3-139 10-9 1 0.000086 | 0.000938 | 0.002127 | 0.005982

TABLE 4.8: Bulk over brane total emissivity for n =5 and £ =1

’ A— H 1 4 10 13 18

Ty 0.664875 [ 0.248447 [ 0.040067 | 0.015499 [ 0.002610
Tsn 0.890165 | 0.778299 | 1.195190 | 2.049140 | 9.026680
Tepr— | 3.679 1007 | 0.000007 | 0.000200 | 0.003575 | 1.293840
Tepr+ | 3.956 1007 [ 0.000006 | 0.000054 | 0.000095 | 0.000164
Terrpr || 3.683 1007 [ 0.000007 | 0.000080 | 0.000187 | 0.000616
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TABLE 4.9: Bulk over brane total emissivity for n =5 and £ = 2

A= 1 4 10 13 18
To [ 1.162700 | 0.179527 0.009087 0.002170 0.000160
Tpn || 1.509360 | 0.632852 0.585960 1.010350 6.207500
Tepr— | 0.000274 | 1.054 1009 | 6.508 109 | 0.000305 0.514108
Teps+ | 0.000299 | 1.653 1009 | 1.827 109 | 3.402 10-9) | 6.292 10(=9)
Tepn || 0.000275 | 1.033 1005 | 2.328 109 | 5,573 109 | 0.000022

4.5 The effect of the temperatures on Hawking radiation in 4 di-

mensions

As Fig. 4.1 shows, when it comes to the dependence of the temperatures on the number of extra
dimensions (n) we have two groups. The first one consists of the black-hole temperatures Ty (4.12)
and Tpy (4.15) and the second of the effective ones T,rr— (4.19), Tepry (4.21) and Teyrrpm (4.23).
The larger n gets, the more the temperatures in each group converge to each other. Thus it is clear,
that for the lowest value of n = 0 the largest differences between the temperatures appear. So, it is
interesting to study their effect on the differential energy emission rates of 4-dimensional (4d) SdS
black holes.

By setting n = 0 in the expressions of the temperatures presented in the introduction, we obtain their
4d forms given here for convenience. In terms of the radii of the black-hole (r) and cosmological (r.)

horizons we have the bare black-hole and cosmological horizon temperatures respectively:

B 171\7‘%

471'7‘h

1—Ar§

T
0 4rr,.

, T.= (4.29)

where A is the value of the cosmological constant. The Bousso-Hawking normalized temperature is

1— Ar%
47ry,

(4.30)

1
Ty = o)

where h(rg) is the value of the metric function (2.7) evaluated at the location of the non-accelerated

observer in SdS (2.14). The three effective temperatures assume the following simplified forms in 4d:

(1—Ar2)(1—Ar?)

Lot =~ ) (1= Arr) (4.31)
(1-— AT‘}QL) (1—Ar?)
T, = — 4.32
efit A (re —rp) (1 + Arpre) (4.32)
and
1—Ar3) (1— Ar?
TerrBH = ( ) ( ) (4.33)

4r (rp, A/h(ro) +re) (1 — Arpre) '

Finally, in this 4d context, we may further extend our study with the inclusion of one more expression
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of an effective temperature. This expression was historically the first one to be proposed in 2009 for
the effective description of the SAS thermodynamics by Urano et al.[153]. Employing the Iyer-Wald
formalism [159, 160], an effective first law was derived and the black-hole mass was interpreted as the
internal energy (M = U), the entropy as the sum of the entropy of the two horizons (S = S, + S.),
while the volume corresponding to the causal volume of SdS namely V = V., — V4. The expression for

the effective temperature thusly obtained is

’I“;ll T. + 1“21 To
rhtre) (r3—r3)

Tefrerw = ( (4.34)
The reason we only study the effect of T¢frprw on the EERs in 4 dimensions, is that the derivation

of this temperature involves 3-dimensional spatial volumes and may thus only be employed in 4d.

Taking the limit 7. — oo of eq. (4.34) that corresponds to a vanishing cosmological constant, one
recovers the black-hole temperature Ty. This is the only temperature of the 4 effective ones that we
consider here that has this low-A asymptotic limit since all the rest go to zero. By construction,
Tesrerw requires the presence of the black hole in the setup while the rest require a non-vanishing

cosmological constant.

In Fig. 4.9 we plot the dependence of the 4d expressions of the six temperatures on the cosmological

constant up to the critical limit that for n = 0 corresponds to A = 1 7“,:2.

It is the behavior of T,;rprw that is the most interesting one in this plot, since the rest of the
temperatures behave similarly to their HD expressions and they have already been studied in depth.

Still, it is worth mentioning that a comparison with Fig. 4.1 reveals a dominance of Ty for all values
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FIGURE 4.9: Temperatures for a Schwarzschild-de Sitter black hole (from top to bottom in the low-A
regime: Tga, 1o, Tefrerw, Tefr—, Tefrpa, and Terpy) as a function of the co- smological constant
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of A in four dimensions as well but it is a dominance that is significantly less prominent. This holds
for the bare temperature Ty that also dominated in the low-A regime. The reason behind this is that
the temperatures Tpy and Tp (including T, rrp 1w), in the limit of a vanishing cosmological constant

asymptote to the temperature of the Schwarzschild black hole that in n extra dimensions is

(1+n)

4.35
477y, ( )

TU|A—>O =

where the horizon radius is given in terms of the black-hole mass (M) and the fundamental scale of

gravity (M,) via [161]
1 1
ey 81“ n+3 n+1
po— L (M SO(R) (4.36)
JmM, \ M, "t 2

The Schwarzschild black-hole temperature (4.35) is minimized in four dimensions (n = 0) as it can

be clearly seen in Fig. 4.10 where we plot its variation with respect to the extra dimensions. As a
consequence of the above, we anticipate that the EERs of all the temperatures (in the largest part of

the allowed A values) to be more comparable with each other.

.
0.4} .
0.3} .
<
0.2}
[ ]
0.1}
°

0.0le .

0 1 2 3 4 5

n

FIGURE 4.10: The Schwarzschild black-hole temperature (4.35) for M, =1, M =5 M, and n € [0, 5].

Focusing on the profile of Tofrprw in Fig. 4.9, we see that as the cosmological constant increases
its value, it is rapidly decreased at first and then more slowly for intermediate values of A until it
asymptotes to a non-vanishing value at the critical limit along with Tpg and T, ;7. In contrast to the
latter two temperatures that attain their maximum values at Aci¢, the Torrprw is minimized in this
limit while exhibiting its maximum at A — 0 where it is identified with the black-hole temperature
To.

4.5.1 The 4-dimensional emission spectra

In this section we study the imprint of the six temperatures on the 4d differential energy emission

rates of the SdS black hole. Starting with the case of a minimally coupled (¢ = 0) scalar field in Fig.
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4.11 we plot their corresponding EERs for two indicative values of the cosmological constant. The
first one A = 0.1 7“;2 is far from A..;;, while the second one A = 0.8 rﬁQ is appropriate to encapsulate

the profile of the spectra close to the critical limit.

Since there is no field coupling in this case, the effective mass is zero and the characteristic infrared
asymptotic limit (4.26) of the emission curves is present. For the small value of A = 0.1 r;Q of Fig.
4.11(a) we see that when the Bousso-Hawking normalized temperature is employed, the most emissive
spectra are produced in accordance with Fig. 4.9. Also, this is the only emission curve that peaks
away from the low-energy limit. All the other temperatures yield EERs that exhibit their maxima at
their corresponding low-energy asymptotic limits and monotonically reduce to zero for larger values

of the energy.

In Fig. 4.11(b) where the critical limit has been approached, the emission curves corresponding to
Tpu and T,ss_ are greatly enhanced since these temperatures are close to their maximum values (Fig.
4.9). All the other power spectra are suppressed with curves that produce insufficient emission due to
the small values of their corresponding temperatures. Notice that even though T¢s;rrw asymptotes
to a non-vanishing value at the Nariai limit, this value is not large enough to yield an emission curve

with the typical profile.

We now “switch on” the field’s coupling to gravity (£ = 1/6) in Fig. 4.12 while using the same values
for the cosmological constant namely A = 0.1 7‘52 and A = 0.8 r,?z to enable easy comparison between

different cases.

Comparing Fig. 4.12(a) with Fig. 4.11(a) we see that the presence of £ suppresses all the emission

curves regardless of the temperature employed and it is their low-energy part that gets affected the
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FIGURE 4.11: Energy emission rates for minimally-coupled scalar fields from a Schwarzschild-de Sitter
black hole for: (a) A = 0.1 (in units of T;2), and T'=Tgu, To, Tegfeiw, Teff—, Tefspa, Tefp+ (from
top to bottom), and (d) A =0.8 and T =Ty, Tesy— (from top to bottom, again).
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most with the vanishing of low-energy asymptotic limit. This way the curves assume the characteristic
form of the EERs where they start from zero in the infrared, exhibit a maximum for intermediate
values of the energy and then reduce to zero again in the ultraviolet part of the spectrum. Notice also
that in contrast to the higher-dimensional case, in 4-dimensions, all the temperatures for A ~ 0.1A.-i
assume values that are relatively close to each other (Fig. 4.9) and so the power spectra for all of the

temperatures can be seen to peak sufficiently above zero.

In Fig. 4.13 we consider the case where the field couples even stronger to gravity with £ = 1/2 and
we see that there is a further suppression of the emission curves. We report that the same behavior is
observed if we increase the value of £ even further. Finally, notice that the suppression of the EERs
with £ is more intense for the low-A regime compared with the regime close to A..;:. This observation
will play a role in the interpretation of the results we obtained for the total emissivity of the SdS black

hole which is the subject of the next subsection.

4.5.2 Total emissivities in 4 dimensions

To calculate the total emissivity (TE) of the SdS black hole we integrate the differential energy
emission rate (4.25) throughout the energy regime. This corresponds to evaluating the surface area
under the EER curves. We performed this calculation for every one of the six different definitions for
the temperature when the field coupling is £ = 0,1/6,1/2 and the cosmological constant spans the
whole allowed regime with the indicative values A = 0.1,0.3,0.5 and 0.8 (in units of r;z). Our results
are shown in Tables 4.10 to 4.12.
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FIGURE 4.12: Energy emission rates for non-minimally-coupled scalar fields with £ = 1/6 from a

Schwarzschild-de Sitter black hole for: (a) A = 0.1 (in units of r;Q), and T = Tgu, To, Tefferw,

Teff—s TegrBa, Tefs+ (from top to bottom), and (d) A = 0.8 and T = Ty, Tess— (from top to
bottom, again).
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FIGURE 4.13: Energy emission rates for non-minimally-coupled scalar fields with £ = 1/2 from a

Schwarzschild-de Sitter black hole for: (a) A = 0.1 (in units of r;, ), and T = Tgn, To, Tefrrrw,

Tefi—s TegfBH, Tefp+ (from top to bottom), and (d) A = 0.8 and T = Ty, Tess— (from top to
bottom, again).

Starting with the minimally coupled field case (¢ = 0), we see that as the cosmological constant
increases, the black-hole total emissivity, when the bare temperature Ty is employed, decreases. Com-
paring its values at A = 0.1 r,:2 and A = 0.8 7‘,:2 we observe the the latter constitutes only the 14%
of the former. Similarly, a suppression is observed when the T¢f;prw temperature is used, only this
time the decrease is milder with the total emissivty close to the critical limit being 73% of its value

at A=0.17,7

TABLE 4.10: Total emissivity for £ =0

A— || 01 0.3 0.5 0.8

Ty 0.000444 | 0.000487 [ 0.000335 | 0.000065

Tgm || 0.001871 | 0.005432 | 0.011837 | 0.054554

T.;f— | 0.000058 | 0.000636 | 0.002106 | 0.015937

Terp+ || 0.000013 | 0.000047 | 0.000050 | 0.000014

T.;¢pr | 0.000040 | 0.000200 | 0.000225 | 0.000060

T.s¢erw || 0.000266 | 0.000267 | 0.000222 | 0.000196

TABLE 4.11: Total emissivity for £ = 1/6
A— | 0.1 0.3 0.5 | 0.8

Ty 0.000228 0.000124 0.000057 [ 7.5796 1009
Trm 0.001358 0.003647 0.008889 0.050743
Terr— | 9.8980 1009 | 0.000191 0.001040 0.013964
Tepr+ | 0.5696 1009 | 1.3972 1009 | 1.2237 1009 | 0.2977 1006
Teprpm || 5.0160 109 | 0.000026 0.000027 | 6.3134 1009
Terrerw | 0.000112 0.000044 0.000026 0.000054
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TABLE 4.12: Total emissivity for £ = 1/2

A— | 0.1 0.3 0.5 | 0.8
Ty 0.000087 0.000021 | 6.1253 1009 | 0.5443 1005
Trn 0.000837 0.002126 0.006062 0.045459
Terr— | 0.8973 1009 | 0.000040 0.000433 0.011571
Teprs | 0.0164 109 | 0.0316 109 | 0.0251 109 | 0.0057 1005
Teprpm || 0.3206 1009 | 1.7945 1009 | 1.8766 10C-%) | 0.4070 1006
Teprerw || 0.000033 | 4.1488 109 [ 1.8064 100-9 | 0.000012

In the considered range of A values (0.1 —0.8 r,;Q) and contrary to the behavior of the TEs for Tj and
Terrerw, the temperatures Ty and Tepp— result in an enhancement of the TE of the order of 30
and 300 respectively with the increase in A. Regarding finally the effect of the “ad hoc” temperatures
Tepp+ and Tepppp we see that the TEs get enhanced at first until the intermediate values of A and
then decrease again as the critical limit is approached. Notice that the behavior of the TEs observed

here follows closely the profile of the temperatures as it is depicted in Fig. 4.9.

The effect of the field coupling on the TEs at any given value of the cosmological constant and
regardless of the choice for the temperature is to cause suppression. This is in accordance to the

interpretation of the non-minimal coupling term of the field equivalently as an effective mass term.

Focusing now to the combined effect of £ and A on the TEs we see that as the cosmological constant
increases from 0.1A.;; to 0.8A..;¢, the value of £ modifies differently the enhancement or suppression
of the TE. More precisely, we see that when £ = 1/6 and T} is employed, the suppression of the TE
is of the order of 3% while at a larger coupling £ = 1/2 it is of the order of 0.6% only. For the same
variation in A (0.1 r;2 — 0.8 7“;2) the enhancement caused in the TE when Tpy is employed is of the
order of 37 for £ = 1/6 while for £ = 1/2, it is of the order of 54.

Finally, the most impressive boost in the enhancement of the TE with an increase of £ is seen when
the effective temperature T,¢;— is used. At { = 1/2 the value of the TE close to the critical limit
compared with its value in the low-A regime appears enhanced by a factor of 1400 and this factor

skyrockets to 12000 when & = 1/2.

4.6 The effect of the higher modes of the field on the EERs close to

the Nariai limit

So far in this chapter, we computed the EERs for various temperatures, considering values of the
cosmological constant up to the critical limit. In the calculation we took into account only the first

5 scalar field modes because higher modes have insignificant contributions to the spectrum as they



115

: : : : : 0.0030- , , ,
0.0025}
0.0015} -
0.0020}
EER 0.0010 1 EER 0.0015}
0.0010}
0.0005 -
0.0005} \\
0.0000: ! 0.0000L: : : : d
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
wry wry
(a) (b)
0.012} 0.035! 4
0.010} 0.030} <
0.008} 0.025; \ 1
EER 006! EER 0020} ‘
0.015} <
0.004} 0010
0.002} \ 0.005} ]
0.000% 0.000% <
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
wry wry
(c) (d)

FIGURE 4.14: The first five field modes when Ty is employed and n = 0, £ = 0.5 while A equals (a)
0.1 Acrit; (b) 0.3 Acm‘t, (C) 0.6 Acrit and (d) 0.8 Acrit

peak many orders of magnitude below the dominant mode of the field. As we will now demonstrate

this is true only far away form the critical limit!

As we can see in Fig. 4.14 where the first five modes are given (the leftmost peak is always [ = 0
and moving to the right we get one mode number up with each peak), as A increases, up until about

0.5 At it is a good approximation to truncate the EER sum to [ = 5.

Notice in Figs. 4.14(b) that already for A = 0.3 A¢ri¢ the “dominant mode” (I = 0) is comparable
with (I = 1)! For values of A larger than ~ 0.5A.,;; higher modes need to be taken into account as
they contribute to the “tail” of the emission curve. This is demonstrated in Fig. 4.15 where we used
the Bousso-Hawking normalized temperature in four dimensions and for A = 0.8A.i:, & = 0.5, we
plot the EER when we take into account the first 5 (red curve), 13 (blue dashed curve) and 20 (green
dashed curve) modes of the field.
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FIGURE 4.15: For Ty, in four dimensions, when A = 0.8A.,.;; and & = 0.5 we give here the first 5
modes (I = 0 — 5) summed up with red, (I = 0 — 13) with blue dashed and (I = 0 — 20) with green

dashed.
4.6.1 The enhancement of the higher modes of the field close to A,

(4.37)

We recall here for convenience the formula for the Hawking power spectrum

w(2mr)~!
exp(w/Ty) — 1} [Zl: N |A’2

N AP w

|

@B _ 1 _
dtdw 27 l exp(w/Tp) —1

Obviously, the energy-profile of the EER is determined by the product of the two terms in the square
(4.38)

brackets. If we denote the first term with:
Qw, Th) w(2m)~1
w
T exp(w/Ty) — 1

(4.39)

bl

>N AP

d’E
Q(wv Th)
l

dtdw
where |A4;]? is the GF of the I-th mode of the field. For the Bousso-Hawking normalization of the

temperature (4.15), in n = 2 dimensions the Q(w, T) function’s energy profile as A ranges from A = 0

then

to A = Acri¢ = 67, 2 is depicted in Fig. 4.16.
If we focus now for simplicity on the brane channel, the multiplicity of states will be given by N; =
21+ 1. Then eq. (4.39) for the first few modes is written as

= Q(w,Th) [N() ‘A()’Q + Ny ‘A1’2 + Ny ’A2|2 + N3 ’A3‘2 + .. ]

Q(w,Th) [‘A()’z +3 |A1‘2 +5 ’Ag‘z +7 ‘A3’2 + .. ] (440)

d’E
dt dw

Clearly, the contribution of the GFs of the higher field modes to the spectrum is enhanced due to the

monotonic increase in the multiplicity-of-states factor IV;. Let us now define the following function
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AD = N, |A;|2. In Fig. 4.17 we give the first four functions A® when n =2 and ¢ = 1. Essentially,
these are just the plots for the GF for the first four modes of the field multiplied by some constant
number (N;) that is larger the higher the mode of the field. In the low-A and low-(wry,) region it is

the mode | = 0 that dominates as it is expected.

FIGURE 4.17: The functions A = Ny |4;]? for n = 2 and ¢ = 1, for the mode (a) I =0, (b) I =1,
(c)l=2,and (d) I =3.
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FIGURE 4.18: The functions S = Q(w,T,)AY for n = 2 and & = 1, for the mode (a) I = 0, (b)
I=1,(c)l=2,and (d) I = 3.

Turning now again to eq. (4.40), we write the contribution of each field mode to the total EER as

d*E

= e, T)AQ + Q(w, T) A + Q(w, T)A® + ... =80 4+ g L g 4 (4.41)
w

where we have defined S = Q(w,T},)A®. In this notation, it is then clear that the contribution to
the spectrum by the mode | = 0 (for example) is quantified in the function S and its energy profile
will be the product of Fig. 4.16 and Fig. 4.17(a). The result of the latter multiplication is given in
Fig. 4.18(a). Similarly, in the rest of the panels of Fig. 4.18, the higher-mode contributions to the
EER are shown. Finally, summing up these 4 modes one gets the EER profile that is depicted in Fig.
4.19.

The way that the product between Figs. 4.16 and 4.17 works is as follows. The Q(w, T},) term of Fig.
4.16 “cuts” the high-energy part of the GF because the former vanishes for energy larger than about
wrp, = 1.8 for the case we study here. Then, only the low-energy part of the GFs (or equivalently the
functions AY) of Fig. 4.17) survives in this product. It is the part that “manages to fit under” the
surface of Fig. 4.16.

Given the form of the A® functions in Fig. 4.17, it is clear that for small values of A, only the
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dominant mode [ = 0 manages to “fit under” the surface of Fig. 4.16. On the other hand, for larger
values of A the higher modes of the field “fit under” the surface of Fig. 4.16 as well. In this case
though, due to the multiplicity-of-states factor N; the small part of A® (Fig. 4.17) that fits under
the surface of Fig. 4.16 is greatly enhanced compared to the [ = 0 — Ny = 1 mode A© and in this

way we have the dominance of the higher modes close to the critical limit.

4.6.2 Other black-hole temperatures and higher modes close to A.,;

In our papers [4, 5], we have studied the power-spectra close to the critical limit but we haven’t studied
independently the forms of the GFs in this limit. In Fig. 4.20 we plot once again the behavior of the
first four functions A®) = N;|4;|?, where N is the multiplicity of states and |A4;|? is the GFfor the
I-th field mode, this time up to the critical limit.

If we ignore for the moment the scales (determined by IN;), the plots in Fig. 4.20 are just the energy
profiles of the GFs for the first four modes on the brane as A ranges from 0 to A+ = 6. We see
that the dominant mode | = 0 indeed dominates in the low energy region for any value of A. In the
A — Agpir regime now, notice that all GF's curves (independently of the value of ) start to “pick up”
at very low-energies. If now the scales are also taken into account, it is then evident that close to the

critical limit, the higher-modes dominate.

From the discussion of the previous section it is clear that two effects contribute to the extreme am-
plification of the higher-modes (HMs) in the critical limit. On the one hand we have the magnification
of their corresponding GFs (|4;|?) by a factor of N; that gets larger with the field mode number .
The second effect comes from the form of the function Q(w,T}). In the case of the Bousso-Hawking
normalization the profile of Q is given in Fig. 4.16. Because Ty, and consequently Q(w,T},), are
non-vanishing in the critical limit the extreme amplification of the GFs of the higher-modes “runs
wild” and thus we have a divergent spectrum in this region. A solution then would be to consider a

temperature that vanishes in the critical limit in order to counter the effect of the magnification of

10.04

10.02

o

iy I
40

FI1GURE 4.19: The contribution of the first four modes of Fig. 4.18 to the EER.

wry,
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the GFs of the higher modes. One such temperature is of course the bare black-hole one (7p). For
this temperature the function Q(w,T},) has the profile shown in Fig. 4.21.

Similarly to the analysis of the previous section, the individual contribution of each field mode [ to

the total EER will be quantified by the functions S = Q(w,T},)AY. For Ty as the choice for the

%9.0 09.0
(c) (d)
FIGURE 4.20: The functions AW = N;|A4;]? for n = 2 and € = 1. Given here up to A, for the
mode (a) I=0,(b) =1, (c)l=2,and (d) I = 3.

6.0

FIGURE 4.21: The Q(w,T},) function for the temperature Ty as A ranges from 0 up to the critical
limit.
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temperature, the first four functions S will have a profile that is given by the product of Fig. 4.21
with each one of the panels in Fig. 4.20. The results (pay attention to the way the 3d plots are
oriented with respect to the energy-axis!) are shown in Fig. 4.22. Clearly the higher modes are
suppressed for all values of A. This is due to the fact that in the region that the surface of Fig. 4.21
is non-zero (and thus allows for non-vanishing contributions of the GFs to the spectrum), namely for
small wry, and small A, the functions A® have extremely small values. In fact, the higher the mode
number [ the corresponding function A% moves further away from this region (as Fig. 4.20 clearly
shows). On the other hand, close to A.-;x where AW are greatly enhanced, the vanishing of Q(w, T},)
truncates them before they yield any significant contribution to the spectrum. The resultant EER

with these first four modes summed is given in Fig. 4.23

Finally, let us consider one last case where the temperature starts from zero at A — 0, increases to
a maximum value and then decreases to zero again in the limit A — A.;;. We employ the Terrpg
expression for the temperature as an indicative case with the aforementioned behavior. Then, the

profile of Q(w, T}) is given in Fig. 4.24.

10.00015
10.00010
B 0.00005

P 0.00000

FIGURE 4.22: The functions S = Q(w, T;,) AW for n = 2 and & = 1. For the temperature Ty and for
the mode (a) I =0, (b) I =1, (¢) [ =2, and (d) | = 3.
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10

FIGURE 4.23: The contribution of the first four modes of Fig. 4.18 to the EER for T}, = Tj.

FIGURE 4.24: The Q(w, T;) function for the temperature T, gz as A ranges from 0 up to the critical
limit.

The individual contributions to the EER when T}, = T.¢rppy for the first four modes is shown in
Fig. 4.25 while in Fig. 4.26(a), we show the profile of the S that shows that even very large field
modes are greatly suppressed due to the fact that the regions on the (wry, A) plane where A0 and
Q(w,Tesrpr) are non vanishing do not overlap significantly and thus S0 (that corresponds to the
product between the two) is highly suppressed. Lastly, the sum of the first four modes modes that
are shown in Fig. 4.25 is given in Fig. 4.26(b).
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FIGURE 4.25: The functions SO = Q(w,Th)A(l) for n = 2 and £ = 1. For the temperature T,;rpn
and for the mode (a) =0, (b) I=1, (¢c) I =2, and (d) I =3.

FIGURE 4.26: (a)The S(29) function for the temperature TerspH as A ranges from 0 up to the critical
limit and (b) hhe contribution of the first four modes of Fig. 4.18 to the EERfor T}, = TefsBH.
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4.6.3 The effect of the field coupling

In Fig. 4.27 we depict the effect of the coupling constant on the GF up to the critical limit. To

illustrate this we considered the function A().

Let us focus in the low-A regime of Fig. 4.27. As we can see, an increase in A causes the monotonic
enhancement of the greybody factor when the field coupling (§) is small [Fig. 4.27(a)]. For larger
values of &, an increase in A causes initially the suppression of the GF's in the low-A region while for
intermediate-A values this effect is reversed, and up to the critical limit the GFs get enhanced with
the cosmological constant. Recall that we have already seen this effect where A assumes a “dual role”

depending on the value of the field’s coupling to gravity.

The dual role of the cosmological constant, gives rise to the “U”-shaped profiles of Fig. 4.27. This
“U”-shaped profile becomes more prominent with an increase in &, and consequently close to A, we
see that the modes yield A®) that are constrained to a “thinner” region. Thus, for large values of the
field coupling we expect the amplification of the high modes contribution to the EER to be reduced

(for temperatures that vanish at Acpit).
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FIGURE 4.27: The function AM) (i.e. for I = 1) forn =2 as (a) £ = 0.1, (b) £ =2, (c) £ = 5, and
(d) ¢ =10.
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4.7 Conclusions

The proper definition of the temperature for the Hawking radiation by Schwarzschild-de Sitter (SdS)
black holes is an open subject of debate. The presence of the cosmological horizon endowed with
a temperature that is lower than the black-hole one, prevents the system from being in thermal
equilibrium. Also, the absence of an asymptotically-flat observer with respect to whom the Killing
vectors are usually normalized makes the definition of conserved quantities and the temperature
obscure. To circumvent the above issues, various proposals have been made in the literature including
a different normalization for the Killing vectors that take into account the non-asymptotic flatness
of SdS and the formulation of effective thermodynamic first laws. These approaches yield different

temperatures and are employed by various authors “at will”.

In this chapter, we compared six different expressions for the SAS temperature as the number of extra
dimensions (n) and the cosmological constant (A) assume different values. For the latter we considered
indicative values that span the whole allowed regime, even up to the Nariai limit. Consequently, we
studied the effect of each one of these temperatures on the differential energy emission rates (EERs)
and the total emissivity for the higher-dimensional SdS black hole, both on the brane and in the
bulk. The underlying field theory we considered is that of a scalar field that couples non-minimally
to gravity via the interaction term PR in the action where R is the Ricci scalar and £ is a free

parameter.

We found, that in the limit of a vanishing cosmological constant the temperatures split into two groups.
The first group asymptotes to the value of the Schwarzschild black-hole temperature while the second
one to zero. In the Nariai limit, the temperatures exhibit once again two distinct behaviors by either
going to zero or attaining a non-vanishing value. This is due to the assumptions in the derivation of
the temperatures that assume either the black-hole mass or the cosmological constant to be present

for the analysis.

The comparison of the EERs revealed that the Bousso-Hawking normalized temperature (75 ) results
in the most emissive spectra in all of the (n, A, £) parameter space while the other temperatures manage
to yield significant EERs only in the low- or large-A regime. Regarding the results of the bulk-over-
brane emissivity ratio, we found that an increase of ¢ enhances the brane channel while the effect of
A is in general the opposite. For the vast majority of the parameter space it is the brane channel that
dominates over the bulk. Still, close to the critical limit and for large n, the balance may be tilted in

favor of the bulk channel even by a factor of O(10) when Ty is employed.






Chapter 5

Brane-localized 5-dimensional black-holes: In

search for analytic solutions

In the brane-world models, there are two popular theories that describe the structure of the extra
dimensional space. In the first one to be proposed [8-10], the so-called Large Extra Dimensions (LEDs)
scenario, the extra dimensions are flat and black-hole solutions to the Einstein equations are known
to exist. As a matter of fact, long before the LEDs were even proposed, higher dimensional black-hole
solutions had already been derived [30, 68]. It is in the context of these theories, that the study of

the higher-dimensional black holes in the preceding chapters of this thesis has been performed.

Shortly after the LEDs, Lisa Randall and Raman Sundrum, proposed another solution to the hierarchy
problem by introducing a single “warped” extra dimension with a Zy symmetry that may be finite [11]
or infinite [12] in size. This scenario has been termed the Warped Extra Dimensions (WEDs) scenario.
Contrary to LEDs, in WEDs, no analytic, localized-on-the-brane, regular black-hole solution in five

dimensions has been found despite the huge amount of effort put forth by the community [162-168].

In the first attempt towards obtaining such a black-hole solution in the context of WEDs, the authors

of [162] considered the following line element:
2 2A(y) 2m 2 2m\ 2 2 (102 .2 2 2
ds“ =e —(1——)dt"+ (1— — dr* +r° (df* +sin” 0 dp*) | + dy~, (5.1)
r r

where y is the coordinate corresponding to the extra dimension and e2AW) is the warp factor. The

I since when one considers the location

constant parameter m is identified with the black-hole mass
of the brane at y = 0 and the RS warp function? A(y) = —I~!|y|, with AdS radius [, the above
line-element reduces to the 4-dimensional Schwarzschild metric. Still, the solution of eq. (5.1) does
not describe an object that is localized close to the brane in five dimensions. This becomes evident
by the singular behavior of the curvature invariants. As an example, consider the Kretschmann scalar
for the above geometry (5.1)

48e~4AW)m?

n contrast to previous chapters where the capital letter “M?” has been used for the black-hole mass, here we denote
the same quantity with lower-case “m” since M is reserved for the indices of the various higher-dimensional tensorial
objects.

2This specific choice of A(y) is made here for illustrative reasons.
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[13 2

where in the expression above, is used to indicate extra terms that become sub-dominant in
the limit » — 0. It is then clear, that the spacetime singularity located at r = 0 extends throughout
the extra coordinate range and is not localized close to the brane where the gravitational collapse of
ordinary matter took place. In this sense, the line element of eq. (5.1) does not describe a regular

brane-localized black hole but rather a new family of solutions that have been termed black strings.

Since then, a plethora of works aiming to obtain brane-localized black holes appeared in the literature
[169-185]. Even though solutions in lower-dimensional gravity have emerged in some of these analyses,
in five dimensions no analytic exact solution exists to date. Numerical solutions in five and six
dimensions have been found [186-188] but their validity was restricted to black-holes that are small
(or at most of the same order) compared to the scale set by the bulk curvature. More recently,
numerical solutions describing large black holes appeared [189, 190], but an analytic solution is still

lacking.

The authors of [172, 173] were the first to point out that if the constant mass parameter m gets
promoted to a function of the extra coordinate, i.e. m — m(y), then for an appropriate y-dependence

of m(y) that decreases faster than e*4()

, the bulk singularities could potentially be localized close
to the brane. In these works it has also been demonstrated that a line element of the Vaidya type

[191, 192] is the most appropriate choice since it minimizes the number of bulk spacetime singularities.

Due to the non-trivial dependence of the mass on the coordinates, the metric (5.3) is no longer a
vacuum solution to the Einstein equations and thus some form of field content has to be introduced
in the bulk to support this solution. In [172, 173] it has also been demonstrated that “conventional”
field-theory models such as minimally-coupled scalar or gauge fields are not sufficient to support the
aforementioned geometry and at the same time constrain the bulk singularities close to the brane.
For a series of other works attempting to find (both analytically and numerically) brane-localized

black-holes by introducing some form of bulk or brane matter, or even additional geometric terms see
[193-197].

The authors of [198] assumed a line element of the Vaidya type with a mass function m = m(v,y)
that depends on both the time (v) and extra dimension (y) coordinates. To support this metric
ansatz, they considered a number of bulk scalar field theories, including single and multiple fields
that couple minimally or non-minimally to gravity. Unfortunately, they concluded that even for these

“unconventional” types of field theories a localized-to-the-brane black hole does not emerge.

In this chapter, we build upon the work done in [198] by considering an even more general mass
function that ontop of a dependence on the time and extra dimension coordinates it also exhibits
a non-trivial profile along the radial coordinate . The motivation for this postulated r-dependence
of the mass function is the greater flexibility of the field equations that may finally yield a viable

solution. Also, by assuming 0,m # 0, a brane-induced geometric background that is richer than the
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Schwarzschild one is expected to emerge via the appearance of extra terms in the metric function that

are reminiscent of the (anti)de-Sitter (~ r72?) or “Reissner-Nordstrém” (~ 7~2) solutions.

Regarding the bulk field content necessary to support our five dimensional metric, we will consider a
plethora of models. We will start with the next-to trivial case of a bulk filled only with a cosmological
constant; we then move on to the case of a field theory with one or two scalar fields (interacting or
not) that are minimally coupled to gravity. In order to be as general as possible in our analysis, a
general potential term will be included in the Lagrangian and the kinetic terms will be canonical,
non-canonical or even mixed. Finally we will also consider scalar-tensor gravity where a single scalar

field @ is coupled to the Ricci scalar in the action via a analytic, arbitrary function f(®).

5.1 The gravitational background

We consider the following ansatz for the line element of the five dimensional spacetime:

2
ds? = ¢2AW) {— <1 - W) dv? + 2dvdr + 12(d6* + sin®0 do?) | + dy? | (5.3)

where the mass parameter m is a function of the time (v), extra dimension (y) and radial (r) coor-
dinates. The dependence of the mass on y is justified by the non-trivial field content of the bulk, a
necessary requirement after all in order for the Einstein equations to be satisfied. Finally, the warp

function A(y) is an arbitrary decreasing function of y that respects the Zy symmetry.

For the line element of eq. (5.3), the non-vanishing components of the mixed Einstein tensor are
v T 2 " 2 —2A
G, =G, =6A"+3A ¢ orm,

1" ].
Gl =G% =6A% +3A4" — Ze 24 92m,
0 1) r

.2 1
G, = ge 2489,m — - (02m + 4A'0ym), (5.4)

1 1
Gyv = 62A Gry = ﬁ aym + ; 8yarm,
GY = 6A% — A (2 0m 4 2 07
y -¢ (ﬁ T’m"_; rm)7
GUT :GyT‘ :GZ:O
It is imperative to know the forms of the curvature invariants as well, since in order to obtain a black

hole that is localized close to the brane, any bulk singularity has to be contained around the location

of the brane at y = 0. Explicitly, the square of the Riemann and Ricci tensors and the Ricci scalar
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for the metric (5.3) are

" vy A8em?  8A%e 24 2
RurnrsRMNES — 404" 1 324724" 1 164" + =25 = mo_ f (Fm + = oym)
de™Ap o 5 dm o, 4 4 5 8 5
+72[@mn+?ﬂ@m—;@m—;&m@m+p@mny (5.5)

RynRMN = 804 +6442A" 4204”2

4e~24 2 " 2e~44 4
. ($m+;@mn4+@WH~%Ty£mf+ﬁ@mﬁy (5.6)
and
9 " 26_2A 2 2
R=-204" —8A" + (07m + - om), (5.7)

respectively. We point out that these expressions smoothly reduce to the ones given in [198] upon

setting 0,m = 0.

Notice that by postulating that the mass depends on the radial coordinate as well, the curvature
invariants become more complicated as they now also contain terms proportional to d.m # 0 and
0?m # 0. All of these extra terms are singular at » = 0 and also extend to all values of y since they
are at the same time proportional to the warp factor. This latter feature, is the one that ensures that
even these terms may be localized close to the brane with an appropriate profile of the mass along
the extra coordinate i.e. one that decreases faster than the warp factor as we “move away” from the

location of the brane.

In the rest of this chapter, we consider various field theories in the bulk and investigate whether they
can support the geometric background of eq. (5.3) and at the same time yield a mass function that

eliminates the singularities of the curvature invariants at a finite coordinate distance from the brane.

5.2 In the presence of a bulk cosmological constant

The action functional in five dimensions is composed of the usual Einstein-Hilbert term supplemented

by a matter Lagrangian L,, that is specified each time by the field content of the theory at hand
4 R
S= | d*zdy/—g ﬁ—ﬁm . (5.8)
Ky

In the above, g is the metric determinant, R is the Ricci scalar, while H% is the 5-dimensional gravi-

tational constant. The variation of eq. (5.8) with respect to the bulk metric gyn yields the Einstein
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field equations

1
GMNERMN—§QMNR=KZ§TMN, (5.9)

where as usual, the bulk energy-momentum tensor Tjsn, is defined via the variation of L, with

respect to the metric as follows:
VNSRS e

For the rest of the chapter it is understood that we set Ii% = 1 unless otherwise stated.

(5.10)

In this section, we consider the simplest case where the only contribution to Ty comes from the

presence of a bulk cosmological constant (Ap).
Tun = —gunAs, (5.11)
and so, the mixed components of the energy-momentum tensor will be given by
T = M Ap. (5.12)

The last equation, imposes some constraints on the Einstein tensor via eq. (5.9). In particular one
of the requirements is that all mixed diagonal components of G]\]/{, in eq. (5.4) be equal to each

other. Then, from® G% = G% we find that the mass function should satisfy the following differential

equation:
2
*m == 9,m, (5.13)
r
that can be easily integrated to give the solution
m(v,r,y) = B(v,y)r* + C(v,y). (5.14)

This expression for the mass, when introduced in eq. (5.3) yields an interesting metric function with
a “Schwarzschild-like” term C(v,y)/r and an “(anti)de-Sitter-like” term B(v,y)r?. Still, another
constraint imposed on the Einstein tensor by the form of T in eq. (5.12) is that the off-diagonal

components of G, should vanish. Thus from G%, = T% = 0 we have
1 1
5 Oym e+ —0y0m = 0. (5.15)

Unfortunately, the solution (5.14) fails to satisfy this constraint as well since its substitution into eq.
(5.15) results to
4r39,B + 9,C =0, (5.16)

that can only hold if 9,8 = 9,C = 0 and thus the dependence of the mass function on the extra

30ften in this thesis we also employ the alternative notation (*;) to symbolize the G™% = T component of the
Einstein’s field equations (5.9).
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coordinate is removed. This is of course a non-acceptable requirement since the mass has to be

y-dependent in order for the localization of the singularity close to the brane to occur.

5.3 Minimally-coupled scalar field theories

Here, we study the case of a bulk filled with either a single scalar field or two interacting scalar fields
that are minimally coupled to gravity. We will also assume the presence of a general potential in
the Lagrangian as well as a general kinetic term that encompasses both canonical and non-canonical

kinetic terms for the field.

5.3.1 A single scalar field with a general Lagrangian

When the bulk is filled with a single scalar field we may write the Lagrangian as
Lo=> fale) (0MdOme)" +V(9), (5.17)
n=1

where f,(¢) are arbitrary and analytic functions of the field ¢ and it is understood that the general
potential V(¢) may include the bulk cosmological constant Ap. Notice that when n = 1 and f1(¢) =1
the Lagrangian (5.17) reduces to the one of a single scalar field with a canonical kinetic term while

for arbitrary n, the general kinetic term is a mixture of canonical and non-canonical kinetic terms.

The energy-momentum tensor corresponding to the Lagrangian (5.17) is straightforwardly computed

via eq. (5.10) and it turns out to have the following expression:

Ton =23 1 fu(9) (076 0pd)" ™ OrdOnd — gun Lo (5.18)

n=1

We assume that the scalar field is spherically symmetric meaning that it does not depend on the
angular coordinates 6 and ¢; other than that, in the most general case it depends on the rest of the

coordinates i.e. ¢ = p(v,r,y).

From the off-diagonal component of the Einstein equations GY. = T". we obtain
2¢724 5" 0 fu(0) (076 0p0) " (8,0)° = 0. (5.19)
n=1

If we reasonably assume that the warp factor and the functions f,,(¢) are non-vanishing the latter

requires that the field does not depend on the radial coordinate

=0 — ¢=0v,y). (5.20)
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Under this simplification, the following two equations are obtained from the Einstein’s EOMs :

1" 2

G’ =TY = 642 + 34" — = e 24 9m =Ly, (5.21)
11 1

Gl =TY = 6A% + 34" — —e 2 Pm=—L,. (5.22)
r

Combining these two equations, we once again end up with eq. (5.13) and thus with the functional
form of the mass given in eq. (5.14). Substituting this solution to the GY, = T% component of the

EOMSs we obtain the fOHOWiIlg constraint:
4rd, B -+ 7yC =2 I'n ¢ 6[3(25 anZ) n—1 19) gZ)i? 0] 5.23
Y 7“2 Z n ( ) ( ) Y A ( . )

The r-independence of the scalar field makes the right hand side (r.h.s.) of the last equation r-
independent. So, the only way that the left hand side (L.h.s.) is also r-independent is by demanding
that ;B = 0 and 9,C = 0. But these conditions once again remove completely the necessary
y-dependence of the mass function. Notice also that the potential V(¢) and the functions f,(¢)
remained unspecified throughout the analysis of this section and thus we may conclude that any

Lagrangian with the general form of eq. (5.17) fails to support the line element (5.3).

Finally, we point out that one unavoidably ends up with the solution of eq. (5.14) for the mass due
to the constraint 7% = T%, that holds for both eq. (5.12) and eq. (5.18) (for d,¢ = 0). In the next

subsection, this constraint will be avoided by considering two interacting scalar fields.

5.3.2 Two interacting scalar fields

Let us now consider a slightly more complicated scenario in which the field content in the bulk is
composed of two interacting scalar fields that are non-minimally coupled to gravity. For the moment

we will focus only on fields with canonical kinetic terms described by the Lagrangian

Lo = Vo, x) MpOnd + (¢, x) 0MxOux + V(d,X), (5.24)

where the two scalar fields are denoted here with ¢ and y respectively, the functions f (12 are again
arbitrary, analytic and depending on both fields, while V (¢, x) is a general potential. The energy-

momentum tensor for this Lagrangian has the following form:

Trun = 2D (h,x) Onrd Ond + 2P (6, X) Inx Onx — gurn Lse - (5.25)

Due to the vanishing of the respective components of the Einstein tensor (5.4), the off-diagonal

components T, T% and T, need to also vanish. As a consequence, the following two independent
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constraints for the scalar fields are obtained:

FB(0, %) 0:0)* + F@ (e, x) (9x)* =0, (5.26)

FD(,x) 8:00yd + FP (¢, x) BrxOyx = 0, (5.27)

while at the same time, the diagonal components of the Einstein’'s EOMs G, = T% and G = T%,

yield respectively

1" 2
mﬁ+3A-—ﬁeﬂA@m=2aﬁ4f®@y0@¢m¢+ﬂ”wdg@v%4—cx, (5.28)

1" 1
6A% + 34" — . e M Pm = Ly (5.29)

Observe, at this point, that the components 7% and T% of the energy-momentum tensor i.e. the Lh.s.
of the last two equations, are different. This is a consequence of the non-vanishing of the term in the
square brackets of eq. (5.28) since this is not imposed by any constraint. This way, and in conjunction

with the discussion of the previous section, the solution of eq. (5.14) is now in general avoided.

Subtracting now eq. (5.29) from eq. (5.28) we find

% 02m — % dm = 2 [f<1><¢, X) 06 006 + [P (0, x) 0y x| - (5.30)

In order to check whether this differential equation for the mass can produce a solution that exhibits

the desired properties, it is convenient to consider individually the following cases for the scalar fields.

© One of the scalar fields is r-independent. Then via eq. (5.26), it becomes evident that
the other field is r-independent as well. If in turn, both fields do not depend on the radial
coordinate, then eq. (5.30) reduces to eq. (5.13) with the corresponding solution that is given
by eq. (5.14). The (%) component of the field equations is written explicitly as

dym | 9:0ym
T

r2

=2 117(6,209,60,0 + 1P (6. )9,x0. (5.31)

and the r.h.s. has no dependence on the radial coordinate. This requires that the L.h.s. is also
r-independent and so, it is necessary to demand 9, B = 0 and J,C' = 0 removing this way the

y-dependence of the mass.

© One of the scalar fields is y-independent. In this case, the constraint (5.27) requires the
other scalar field be either r- or y-independent. We have already excluded the former case in the
discussion above. Then we are dealing with the case that the fields satisfy d,¢ = 0 and 9,x =0
and consequently the r.h.s. of eq. (5.31) is zero. The resulting solution for the mass function is

m(v,r,y) = E(:’y) + D(v,r). (5.32)
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Upon substituting this mass in the metric function of eq. (5.3) a term D(v,r)/r and a “Reiss-
ner—Nordstrom-like” term F(v,y)/r? emerge. Unfortunately, plugging eq. (5.32) into eq. (5.30)
and keeping in mind that the r.h.s. is y-independent, we are forced to impose the condition

OyE(v,y) = 0 and in this way render the mass y-independent once again.

© One of the scalar fields is v-independent. Contrary to the previous two cases, by assuming
that one of the two fields does not depend on the time variable, we find that the constraints
imposed by the Einstein equations do not require the same to hold for the other field as well.
In fact, in order to guarantee that eq. (5.30) and eq. (5.31) do not reduce to eq. (5.13) and eq.
(5.15) respectively that yield a non viable solution, one of the two fields necessarily has to be

dynamic.

To deal with the most general case, we consider that both of the (spherically-symmetric) fields depend
on all of the coordinates i.e. ¢ = ¢(v,y,r) and x = x(v,y,r). We may then solve eq. (5.26) for one

of the coupling functions to get

FOp—t Eg;gz , (5.33)

and then substitute this into eq. (5.27) to obtain the following constraint:
O0r @ Oyx — Opx Oy =0. (5.34)

Substituting these last two equations in the (*,) component of the EOMs
GA%JZ,<¥m+fam>=2U@wxﬂ%@2+ﬂ%¢xﬂ%m2—ﬁw, (5:35)

we find that the term in the square brackets vanishes. Combining then eq. (5.35) with the (%)

component (5.29) we end up with
2

5 Om = —3A" 24 (5.36)

that readily leads to the following solution for the mass function:

A//
m(v,r,y) = 5 243 4 mo(v,y) . (5.37)

This mass function gives rise to a “Schwarzschild-like” term mg(v,y)/r and a “(anti)de-Sitter” one
—A"e?412 /2 when substituted into the metric function but fails to “pass” from the rest of the con-

straints. When eq. (5.37) is plugged into eq. (5.30), the L.h.s. vanishes and so we obtain
Y 0,00,6 + f@ 8, xdyx =0, (5.38)

which via eq. (5.33) gives
O0rd Opyx — Opx Opd = 0. (5.39)
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Using egs. (5.34) and (5.39) into the (%) component (5.31) of the EOMs we have a vanishing r.h.s.
and then, the L.h.s. upon substitution of the mass (5.37) yields

1
— 20, (A" + 5 Oymo =0. (5.40)

This last condition, once again imposes the y-independence of the mass function.

If we now include non-canonical kinetic terms for the fields in the Lagrangian it is trivial to exclude

this case as well. The form of L. is now
L= Z £, x) (0™ ponre)" + Z F$2(6,%) (0Mx0mx)" + V(9,X) , (5.41)
while the energy-momentum tensor turns out to be
Tun = 2 Z n £V (¢, x) (0¥ ppe)" L O dON

+2 Z n 26, x) (3PX3PX)TH1 OMXONX — gMN Lsc - (5.42)

If one employs the following redefinitions for the coefficients of 0p;@dn® and OprxOnx in the last

equation:
FO@x0) = S nfP.x) (@M eone)" (5.43)
n=1
FP@.x) = Y nfP@.x) @M xou)" (5.44)
n=1

it becomes clear that the expression of the energy-momentum tensor (5.42) is equivalent to eq. (5.25).
Since the coupling functions f (1:2) (¢, x) played no role in the analysis of this section we conclude that,
two interacting bulk scalar fields described by the general Lagrangian of eq. (5.41) are not sufficient

to produce a viable solution for the mass function with the required y-dependence.

5.3.3 Two interacting scalar fields with mixed kinetic terms

Next, we turn to a more unconventional field theory described by the following Lagrangian:

Lse = fD(h,x) M P0r¢ + [P (6, x) O xOnrx + (6, x) O pOrrx + V(h,X) » (5.45)
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where two scalar fields ¢ and x are employed with mixed kinetic terms and a general potential V' (¢, x).

The corresponding energy-momentum tensor is then given by

Tun = 2fD(6,x) Onddnd + 2F P (6, x) O xOnx

+ (8, x) [0p0ONX + OnrxONd] — garn Lse - (5.46)

v
Y

corresponding Einstein tensor components, the following two independent constraints are imposed on
the fields via (5.46):

As a consequence of the vanishing of the (%), (%) and (%) field equations due to the vanishing of the

FD(d, x) (0:0)* + £ P (0, x) (0rx)* + F3 (¢, x) Dppdrx = 0, (5.47)
2f (6, x) 0,00y¢ + 2f P (¢, x) OxDyx + fP (6, X) [0rdDyx + OypOrx] = 0. (5.48)

It is easy to see that, similarly to the case studied in the previous subsection, if one of the fields is
assumed to be r- or y-independent, then the above set of constraints imposes the same coordinate
independence on the second field as well. Then, the dependence of the mass on the extra coordinate
is eliminated . We are thus once again led to consider the case that both scalar fields depend on all

of the coordinates i.e. ¢ = ¢(v,y,r) and x = x(v,y,7).

We may then solve the system of egs. (5.47) and (5.48), to obtain

2
) _ ¢ (0rd) @) _ _gpm %9 5.49
f f (arx)2 Y f f 8TX ? ( )
and with these rewrite the (yv) and (rv) components of the field equations respectively as
oym | 0,0,m  2fW
) + , = (arX)2 (8v¢arX ar¢avX) (5y¢5rx ar¢8yX)v (5‘50)
and 5 " )
20ym e , 2 N 2 _ 9
3 . (4A'0ym + d;m) = GRE (0 pOrx — OrpDuX)” - (5.51)

By rearranging the (66) and (yy) components of the field equations, the following equation is obtained:

2¢—24A 2f(1)

o Om 34" = o7 (Ousoex - 0rpdyx)? . (5.52)

Now, appropriately combining eqs. (5.50),(5.51) and (5.52) we are able to eliminate the dependence
on fU) as well as on the derivatives of the fields, and thus end up with the following differential

equation for the mass function:

2 —2A 2A
<aym n W) - (26702 Oym + 3A'/) [e (44°Dym + 92m) — 20| | (5.53)

72 r r 72
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Eq. (5.53) is the “master equation” that any mass function compatible with the constraints imposed

by the field equations has to satisfy when the field theory is described by eq. (5.45).

To obtain the form of m(v,y,r), we start by rearranging the components (vv) and (66) of the field

equations to get
1 2
—0fm = = 0m = 2fN0,6 0,6 + 2fDOx0ux + £ (0,000x + Orx0u0) (5.54)

Then, using eq. (5.49), we find that the r.h.s. of the last equation vanishes and as a result the solution

for the mass function is once again given by
m(v,r,y) = B(v,y)r’ + C(v,y). (5.55)

This mass function of course has to satisfy the master equation given above. Upon substitution
of eq. (5.55) into eq. (5.53), we find that as long as 9,C = 0, this mass is indeed a solution
while maintaining a y-dependence via the term B(v,y)r3. Unfortunately, when this term is plugged
into the metric function, it generates a “(anti)de-Sitter”-like term with a y-dependence and not a
“Schwarzschild”-like one, that is associated with the singular terms in the curvature invariants and

consequently with the possibility of the localization of the singularity.

5.4 Non-minimally coupled scalar field

In this final section, we turn to the case of a single bulk scalar field that is non-minimally coupled
with gravity. The action will be (we re-introduce the five-dimensional gravitational constant only for

the following three equations and then set Ii% = 1 for the remaining of the section)

) 1

S:/d4xdy\/jg[];( 2)R—2(V<I>)2—V(<I>)—AB , (5.56)
K5

where f(®) is a analytic and positive-definite function of the scalar field. The corresponding field

equations are
1

f(®) (Run — 3 gunR) = K3 (Tg\%] — gunAB), (5.57)

and the generalized energy-momentum tensor of the scalar field has been defined as

T(®), = VydVn® — gy [%(W)2 +V(@)] + % [V Vaf(®) — gunV2F(@)] . (5.58)
5

For a spherically symmetric scalar field i.e. ® = ®(v,y,r), the off-diagonal components of the field
equations are
() = (14 ") (0:®)* + f 079 =0, (5.59)
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“) =)= Q0+ f"0,20.®+ 9,0, — A'f'9,® =0, (5.60)

r

*) =)= 1+ f"9,20,® + f 0,0,® — A'f'9,® — %Tmf’arcD {

(— +0,00m), (5.61)

2m O,m

()= 1= =)+ )220, + [ 0,0,0] + (1+ f")(9,®) + ' ;@ — == f'0,®

/ a 2A
+L 0,8 (0om — ) + LR 2489, 0 = f[ dym — “— (92m + 4A4'9,m)] , (5.62)
r r r r
where, in the above, a prime indicates differentiation with respect to the argument i.e. f' = df (®)/d®

and A’ = dA(y)/dy. The diagonal components of the Einstein equations yield the following three

independent equations:

/
(vv) - 6_2A [(1 + f//) 0y ® 0, D + f/ 0y Or D + f?8T<I> (% — 87«771)]
26_2A
+A'f'0,® — (Lo +Of + Ap) = f (647 + 34" — dym), (5.63)

f10,@+ (1- QTm) 0,®) + A'f'9,® — (Lo +0Of + Ap)

—2A

= (647 +34" — &2m), (5.64)

—2A 9
(%)= 1+ f")(0,@)* + f 0;® — (Lo + Of + Ap) = f[6A47 — (02m + ~om)],  (5.6)
where
-2 2m o1 1 5
Lo= 5<Vc1>) +V(@) =~ [20.00,0+ (1- ) (o.0) |+ SO22 V@), (560)
and
A e 4 2m Ag (AA
Of = e 240,00 f + = 0, [0, f +12(1 = Z2) 0, f| + 749, (140, ) (5.67)
By combining egs. (5.63) and (5.64) we end up with the constraint
1+ F10,08,8 + ' 0,0, = L [a O+ (1 3—m +9,m)d @} i(@?m - %arm) . (5.68)

that does not depend on the complicated quantities of egs. (5.66) and (5.67).



140

Let us first study the simplest cases where the bulk scalar field ® depends on only one of the coordinates

v,y or r and see if such a field can satisfy the constraints of eqs. (5.59)-(5.62) and eqgs. (5.63)-(5.65).

© The field depends only on the time coordinate ® = ®(v). Then, by combining eqs. (5.63)
and (5.65), one ends up with
82

r

m = —3e*4A"r (5.69)

and after integrating once with respect to the radial coordinate, we obtain

3
Orm = ~5 2 A" 4 mo (v, y). (5.70)

Plugging in turn this expression for the mass function into the constraint of eq. (5.68) the
following relation is obtained:

a}f = %mo(v, y) . (5.71)

This equation cannot be satisfied since the L.h.s. is a pure function of the time coordinate while

the r.h.s. depends on the rest of the coordinates as well.

© The field depends only on the extra-dimension coordinate ® = ®(y). For such a field
dependence, the L.h.s. of eq. (5.61) vanishes and thus we have the solution

m(v,r,y) = C(z;,y) + D(v,7). (5.72)

Substitution of this mass function into eq. (5.68) requires its y-independence and this is in
contrast with our main assumption that the mass has a non-trivial profile along the extra

dimension.

© The field depends only on the radial coordinate ® = ®(r). In this case, eq. (5.60)
requires that either the warp function A’(y) = 0 or the coupling function f'(®) = 0. In the
former case there is no warping of the metric with the extra coordinate while in the latter we

have once again the minimally coupled field theory of the previous section.

Consequently we are forced to assume that the field depends on more that one coordinates. Let us
now study independently the special cases that the field depends on two of the coordinates and search

for a viable solution before considering the most general case of ® = ®(v,y,r).

© The ® = ®(v,r) case. From (5.60) we have once again either A’(y) = 0 or f/(®) = 0 that has

already been discarded in the case of ®(r) we studied previously.

© The ® = ®(v,y) case. In this case, the constraint of eq. (5.68) can be written as

2 I

2

—Zom=-L 0,0, .
aim r(?'m fa (5.73)
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where in the r.h.s. we have an arbitrary function of v and y that we shall denote by C(v,y) =

—fTI 0,®. Integrating then twice with respect to the radial coordinate r we obtain the following
solution:

2 3

m(”v r, y) = —C(’U, y) 5 + D(”? y) ?

in terms of the also arbitrary functions D(v,y) and E(v,y). Now, the combination of eqs. (5.63)

+ E(v,y), (5.74)

and (5.65) gives the following constraint:
(14 ") (0,®) + f 020 — A'f' 0,& + 3f A" = —f 24 3P (5.75)

and since A = A(y) and f = f(v,y) the Lh.s. of this equation is r-independent, contrary to the
r.h.s. that has a dependence on the radial coordinate. Substituting the expression for the mass
function (5.74) into eq. (5.75), in order for the r.h.s. to be also r-independent, it is required
that the condition C'(v,y) = 0 holds. This last condition though cannot be satisfied since via
eq. (5.73), we have that C(v,y) x 9,® # 0.

The ® = ®(r,y) case. For such a coordinate dependence of the field we find that eq. (5.61)
gets simplified to

(Orf) Oym + f (ami + 0,9ym) =0, (5.76)
while eq. (5.68) is now
3m 2 2
(@ﬂﬁ—‘;+&m>+ﬂ@m—;&m):0 (5.77)

Equations (5.76) and (5.77), constitute a homogeneous linear system of equations with respect
to the functions f and 0, f. Consequently, to allow for additional solutions beyond the trivial one
(f,0-f) = (0,0) to exist, the determinant of the system should vanish. The latter requirement
translates to the following constraint:

Oym

3 2
<7,+&@m>of-?+&m>—@m<£m—T@m>:0 (5.78)
To further proceed, we now write the mass function as a finite series of powers of the radial

coordinate containing both positive and negative order coefficients. More precisely we write the

mass function as

m(v,r,y) = Z an(v,y)r", neZ. (5.79)

n

Substitution of eq. (5.79) into eq. (5.78) yields

> @ya) T+ D)+ apr™ M (n— L+ 1)(n—3)| =0. (5.80)
l n

The most trivial way to satisfy this last equation is of course to require 9,0y V¢. Unfortunately
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this removes the y-dependence of the mass and so it is the quantity in the square brackets
that has to vanish instead. The only way for this to happen is by removing the r-dependence
introduced by the second term. It is clear then than the only two allowed powers for the radial

coordinate are n = 1 and n = 3. The substitution of the mass into the metric function leads to

2
1- " 190 — 20312, (5.81)
T

and clearly does not yield a “black-hole” term but only a variant of an “(anti)de-Sitter” one.

Thus, the final case left to consider for the spherically-symmetric bulk scalar field is for it to depend

on all three of the coordinates i.e. & = ®(v,r,y). Starting from eq. (5.59) we have

L+ (@) = —f (@) O (582
N (0,®)2° '
and after substituting this result into eq. (5.60) we end up with
0, ®
A=0(2). 5.8
(55) (5.83)
Integrating then once with respect to the radial coordinate we find
Oy® = 0,@[A'(y)r + F(v,y)], (5.84)

where F'(v,y) is an arbitrary function. Substituting 0,® via eq. (5.84) into eq. (5.61) and combining
the resultant equation with eq. (5.68) we find the following differential equation for f:

onf [(A’r +F) (1 _ 3%” n Brm) +10,F — dym + F&’ﬂ

o, ®

+f [(A’r £ 1) (2m— %arm) - %aym - aTaym} — O f AL+ fAs = 0. (5.85)

In the last equality we symbolized the coefficients of 0,.f and f with A; and As respectively for
convenience. If we now combine egs. (5.64) with (5.65) and use eq. (5.82) to substitute 1+ f”, the

following differential equation is obtained:

2 0, ® 2
0. f |1— 22— pe?A (A" + 9, F) + a’“@} n f(—SA”reQA _z &«m) — 0,fB1+ fBa=0. (5.86)

r ) r
Similarly to the previous equation, By and By are the coefficients of 0, f and f respectively. The
requirement of the vanishing of the determinant of the homogeneous system of eqs. (5.85) and (5.86)

reads A1 By — B1 Ao = 0 or equivalently it may be written as

Ay Ay
E - E - G(Ua T, y) ) (587)
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for an arbitrary function G(v,r,y) that depends on all of the coordinates. The second equality of the

last relation is written explicitly as
/ 2 2 1 ", 2A 2
(A'r+ F) (8rm - 6,«m) - Oym — 0,0ym = G(v,1,y) (—3A et — &«m) . (5.88)

If we now employ the form of the mass function given in eq. (5.79) the coefficients As and By will
be polynomials of the radial coordinate. Then, via eq. (5.87) the arbitrary function will also be a

polynomial that can be written as

Gu,ry) =Y gi(v,y)r’, l€Z (5.89)
l

where the sum in £ is finite and may contain terms of both positive and negative order.

If we finally use the polynomial expressions for the mass (5.79) and G(v,r,y) (5.89) in eq. (5.88) we

end up with the following constraint:

Z [n(n —3)anA'— (n+1) ayan} g Z anFn(n —3)r"2

n

=-3 Z g A"e*Artt 2 Z grapn T2, (5.90)
V4 ln

Now we will consider various choices for the parameters n and £ that are compatible with the constraint
of eq. (5.90) and see if, for each one of these choices, an acceptable solution emerges for the mass

function.

© (n,1) = (3,1). In this case the substitution of the resultant mass into the metric function does

not generate a black-hole term but a modified (anti)de-Sitter one.

© (n,1) = (4,1). For this choice of the parameters we also have terms of the same order in r that
appear in eq. (5.90) but again the corresponding mass does not describe a black hole on the

brane.

© n = 0. Though this choice is consistent with eq. (5.90) the corresponding mass function does not
depend on the radial coordinate and is thus reduced to the case m = m(v,y) that was studied
in [198], or even to the black-string solutions [162] if the condition Oy, = 0 is furthermore

imposed.

We may also consider other special cases that lead to the vanishing of the determinant of the system
of egs. (5.85) and (5.86).

© The two differential eqs. (5.85) and (5.86) reduce to one. Then the arbitrary function
defined in eq. (5.87) will be G(v,r,y) = 1 and this means that it does not depend on the radial
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coordinate. Consequently via eq. (5.89) we are led to choose ¢ = 0 and for this value of ¢, eq.
(5.90) requires that the other parameter n is either n = 2 or n = 3. For both these cases the

metric function does not contain a black-hole term.
© One of the rows or the columns of the determinant has zero entries.

* If A2 = By = 0 one ends up with the solution of eq. (5.37) for the mass function with
0ymo = 0 that removes its y-dependence entirely thus rendering the solution insufficient to

localize the bulk singularities.

* If on the other hand we start with the condition A1 = By = 0, then egs. (5.85) and (5.86)

lead again to As = Bs = 0 and to the conclusion of the previous point.

* Considering the case A] = Ay = 0, we have from As = 0 and the polynomial form of
the mass function (5.79) that the following condition: Fn(n — 3) = 0 should hold. The
latter singles out three values for n. The obvious ones are n = 3 and n = 0. The third
one is obtained if we further substitute F' = 0 into As = 0. The latter equation is then
r-independent for n = 1. In any case, all these three values of n yield a mass that does
not depend on the extra-dimension coordinate since the condition dyc,, = 0 has to be also

imposed.
* The final case is By = By = 0. Solving By = 0 for the mass we obtain eq. (5.37). Then,

substituting this into the second condition By = 0 we find

0y ® o 2mo(v,y)
0P r

— 1+ rd,Fe*t. (5.91)

Plugging then this last relation along with eq. (5.37) into eq. (5.85), we end up with the

following constraint:
{+4
3 frtr2 LED) . )3, (47e2) + 3 for e (4 + 0,F + Fo,F )
¢ l

=3 fert! [3£A’m0+(e+1 ) mo} Zf,_;rf 20Fmg=0, (5.92)
4

where we have also written the function f as a polynomial with respect to r of the form
flu,ry) Z fe(v,y)r (5.93)

In order now for eq. (5.92) to hold, each individual term should vanish. From the condition
Fmg = 0 then, we have either F' = 0 that leads to A’(y) = 0 or mo = 0 that removes the

y-dependence of the mass.
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Based on the results of the study performed in this section we are led to the conclusion that even the
most general spherically-symmetric bulk field that is non-minimally coupled to gravity is incompatible

with the line element of eq. (5.3).

Finally, the interested reader is refered to the recent master’s thesis [199] where, in an effort to
obtain analytic brane-localized black-hole solutions with the metric ansatz of eq. (5.3), an even
more complicated Lagrangian was considered. More precisely, the bulk field content consisted of two
interacting scalar fields ¢(v,y,r) and x(v,y,r) that couple non-minimally to gravity via a general
function f(¢, x). Nevertheless, the results of that study dictated that even such a general Lagrangian

is not sufficient for localization to occur.

5.5 Conclusions

In the context of warped extra dimensions, analytic 5-dimensional localized-on-the-brane black-hole
solutions are still elusive. In an effort to obtain such solutions, we extended previous studies by
considering a generalized Vaidya ansatz for the metric where the mass parameter (m) depends on the
time (v), extra dimension (y) and radial (r) coordinates. Of course, in order to satisfy the Einstein
equations, an appropriate field content has to be introduced in the bulk. Then in principle, a mass
function m = m(v,y,r) may emerge from the field equations that corresponds to a black hole on the

brane with a singularity that extends over a finite distance along the extra dimension.

With the prospect of obtaining such a solution, we studied a plethora of scalar field models that source
the bulk energy-momentum tensor. Starting from the simplest possible non-trivial case, we assumed
a bulk filled only with a cosmological constant. We then turned to the cases of a single scalar field
and two interacting scalar fields minimally-coupled to gravity in conjunction with a general potential
and general kinetic terms (including both canonical and non-canonical ones as well as mixed kinetic
terms in the case of two scalars). Finally, we also considered a field theory of a non-minimally coupled

bulk scalar field (®) that couples to the Ricci scalar via an arbitrary analytic function f(®).

In some of the above cases, solutions to the mass function that are compatible with the constraints
imposed by the field equations have been found. When these solutions are substituted into the metric
function, physically interesting terms such as “Schwarzschild-like”, (~ r~!), “(anti)de-Sitter-like”
(~ r?) or “Reissner-Nordstrém-like” (~ 772) do emerge on the brane. Unfortunately, whenever
such solutions exist, the profile of the mass along the extra dimension is not suitable to localize the

black-hole singularity close to the brane.






Chapter 6

Conclusions

In this final chapter, we present the conclusions of the study performed in this dissertation.

In Chapter 2, we considered the propagation of scalar particles in the gravitational field of the Higher-
dimensional (HD) Schwarzschild-de Sitter (SdS) black hole, both on the brane and in the bulk. The
field theory we considered is that of a massless scalar field ® that is non-minimally coupled to gravity
via an interaction term in the action (¢®?R) with the Ricci scalar R. By deriving the Equation Of
Motion (EOM) for the scalar field we found that an “effective mass” term appears that is proportional
to the product of £ and the cosmological constant A. This way our analysis incorporates the case of

massive particles as well.

By employing a well-known matching technique of the two asymptotic solutions to the radial EOM
of ® close to the black hole (r,) and cosmological (r.) horizons, we derived approximate analytic
expressions for the Greybody Factors (GF). Contrary to previous similar studies where the matching
of the two asymptotic solutions demands a low-energy approximation, this was not necessary in
our case and so our analytic results exhibit an extended range of validity. In addition, with an
appropriately chosen new radial coordinate, the effect of the cosmological constant was taken into
account both close and far away from r;, while previous studies discard the effect of A close to 7}, in
order to simplify the calculation. Still, in order to have a matching of the two asymptotic solutions
we had to assume small values for £ and A. Other than that, our results are valid for an arbitrary

number (n) of extra spacelike dimensions and partial mode () of the field.

We started by deriving the GFs for scalar fields propagating on the brane and studying its low-
energy limit for both minimally and non-minimally coupled fields. In the former case and for the
dominant mode (I = 0) of the field, we showed that our general expression reproduces the non-
vanishing asymptotic limit exhibited by the GFs in the presence of a cosmological constant. We were
able to show analytically that when the field coupling £ # 0, in the limit w — 0, the aforementioned
asymptotic limit vanishes and the first non-zero contribution comes from the O(w?) term which we

also derived and presented.

Then, we studied the energy-profile of the full expressions for the GFs with respect to the particle
(1,€) and spacetime (n,A) parameters. We found that as either of the two particle parameters or
the number of extra dimensions increase the GFs get suppressed on the brane. With respect to A,

we found that it can act in favor or against the enhancement of the GFs depending crucially on the
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value of the field coupling. For small field couplings, the GFs get enhanced with an increase of the

cosmological constant while the opposite effect is observed for large values of &.

We then turned to the study of a scalar field propagating in the bulk. By performing the corresponding
analysis we once again obtained the approximate analytic expressions for the GFs, valid for arbitrary
[ and £. In the case of minimal coupling and for the dominant mode of the field the corresponding
low-energy asymptotic limit of the GF is recovered from our expressions. Again, we have shown
that when ¢ # 0, this limit vanishes with the first non-zero term being of O(w?). By studying the
energy-profile of the bulk GFs on the parameters I,n,£ and A, we found that they follow the same

pattern as the brane GFs with the main characteristic being the milder dependence on &.

In Chapter 3, we developed a numerical technique to compute the exact expressions for the GFs in the
case of a massless scalar field non-minimally coupled to gravity propagating in the HD SdS spacetime
both on the brane and in the bulk. To achieve this, we numerically integrated the brane and bulk
EOMs for @ and obtained the corresponding radial part of the field which was then used to determine
the transmission probabilities (GFs). To set the boundary conditions necessary for the integration of
the EOMs we used the asymptotic analytic expressions of the previous chapter. We then compared
the exact results we obtained via this method against our approximate analytic results, and we have
indeed found that for small values of & and A the two sets of results are in excellent agreement.
Deviations between the exact and approximate results appear as either £, A or the value of the energy

are increased beyond the allowed regimes.

The exact analytic results for the GF's verified the behavior we have observed with the approximate
analytic expressions, namely that an increase in any of the parameters £, [ or n results in suppression
of the GFs both on the brane and in the bulk. The cosmological constant on the other assumes a
“dual role” and its effect on the transmission probabilities depends on the value of £ - this is also a
feature that had been exhibited by the analytic results. The reason behind this behavior is that A
corresponds to the vacuum energy density that enhances the particle emission but on the other hand
it is simultaneously proportional to the effective mass of the field, thus suppressing the emission of
particles. As our analysis revealed, the effective mass is also proportional to the non-minimal coupling

& and for this reason, when & < 1, it is the former effect of A that dominates.

With the exact forms of the brane and bulk GFs that are valid for arbitrary values of the field and
spacetime parameters, we were then able to calculate the corresponding differential Energy Emission
Rates (EERs) for Hawking radiation by the HD SdS black hole that decays in the form of scalar
particles in the brane and bulk channels of emission. The dependence of the Hawking spectrum on
the parameters comes from the GF as well as from the expression for the temperature. More precisely,
the temperature depends on the spacetime parameters n and A. In this study we have employed the
Bousso-Hawking normalization for the temperature (Tgg) to account for the non-asymptotic flatness

of the SdS spacetime.
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We found that in both channels, the increase in the number of extra dimensions causes the en-
hancement of the emission even though the GFs get suppressed with n. This behavior is due to the
enhancement of Tpy with n that dominates over the effect of the GF. The field coupling £ (that can
be interpreted as an effective mass term) caused the suppression of the EERs throughout the energy
regime. Finally with respect to the effect of the cosmological constant we found that the dual-role
behavior is also reflected on the EERs. When the field couples weakly with gravity, there is a global
enhancement of the emission with A throughout the energy regime while for larger values of £ the

low-energy part of the spectrum gets suppressed.

By computing the relative energy rates we showed that for small £ and A it is the brane channel that
dominates in the low- and intermediate-energy regime while as £ is increased the bulk channel gets
boosted. The combined effect of an increased ¢ and a large value of n results in the dominance of the
bulk channel over the brane one. This has been one of the very few times where the brane channel
becomes sub-dominant (see also [200]) and this is caused by the presence of the non-trivial interaction

of the field with the gravity.

In Chapter 4 we turned to the effect of the temperature on the EERs of the HD SdS black hole. Due
to the presence of a cosmological horizon endowed with a temperature that is in principle different
from the black-hole one, the SdS spacetime is in absence of true thermal equilibrium and an asymp-
totically flat limit. To deal with these issues various proposals appeared in the literature regarding
the appropriate definition of the temperature in SdS. We considered two different black-hole tempera-
tures. The bare black-hole temperature Ty in which the timelike Killing Vector Field (KVF) K* that
is associated with the surface gravity is normalized “naively” to K#K, = —1 as in the asymptotically
flat case. On the other hand, the Bousso-Hawking normalized temperature Tgy takes into account
the non-asymptotic flatness by appropriately normalizing K*. We also considered three effective tem-
peratures Tepr—, Toppq and Toprppy that are combinations of the black-hole and cosmological horizon
temperatures and are derived via effective thermodynamic first laws where the cosmological constant

plays the role of the pressure of the system.

We started by studying the dependence of the above set of five temperatures on the cosmological
constant and the number of extra dimensions. The former parameter assumed values from zero up
to the critical limit A..; (Nariai limit) that is the maximum allowed value of A, for a given n, that
yields only two horizons for the SdS spacetime. In the limit A — 0, Ty and Ty reduce to the
HD Schwarzschild temperature while the effective ones vanish. This is due to the fact that in their
construction the cosmological constant (pressure of the system) is assumed to be non-vanishing. In the
other extreme limit A — A, only Ty and Tepy— asymptote to a non-vanishing value while the rest
of the temperatures vanish. The same A-profile of the temperatures is observed as n is increased with
the black-hole temperatures getting a significant enhancement. In all cases, it is the Bousso-Hawking

normalized temperature that dominates throughout the allowed A range.
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Then we studied the effect of each of the temperatures on the EERs both on the brane and in the
bulk for indicative values of A that span the whole allowed regime and for a small (n = 2) and
large (n = 5) value of the number of extra dimensions. We found that the spectra follow closely the
behavior of their corresponding temperature. The most dominant spectra are produced when the
Tpr temperature is employed. In the low-A regime the most emissive spectra are produced by T
and Tp while close to the critical limit, the Ty and T.rs_ temperatures give the dominant emission
curves. The temperatures T, ;s and Terrpy yield a non-negligible spectrum only for intermediate

values of A.

When there is no field coupling to gravity (£ = 0), the non-zero low-energy (w — 0) asymptotic value
of the GF's for the dominant mode results to EERs that are non-vanishing in this limit. Consequently,
a significant number of soft particles are expected to be emitted. For the case of the effective temper-
atures it is in fact this part of the energy spectrum that contributes the most to their total emissivity
since the peaks of the EER curves are located close to w — 0. When & # 0 the emission curves return
to their “usual” shape where they vanish in the limits w — 0 and w — oo while exhibiting a peak at

intermediate values of w.

The analysis performed in this chapter not only serves as a comparison between the emission curves
obtained for various temperatures but it also provides information about the EERs close to the critical
limit. By computing the total emissivities in the two channels for the above five temperatures, we
found that as A is increased the bulk channel gets enhanced over the brane one (except for Ty when
¢ # 0) and becomes the dominant one as the critical limit is approached and the temperature is
non-vanishing i.e. for Tgy and Terr—. When the number of extra dimensions is also increased, the

bulk dominated for the bare black-hole temperature Ty as well.

As a conclusion the choice of temperature greatly affects the obtained EERs for scalar particle emission
by the HD SdS black hole. While some of the proposed temperatures do not produce significant
emission rates, others do so only in the low- or large-A regimes. In any case, and throughout the
allowed range of parameters, the Bousso-Hawking normalized temperature yields the most enhanced
EERs.

Finally, in Chapter 5 we turned to the quest for obtaining analytic, 5-dimensional, localized on the
brane black-hole solutions in the Warped Extra Dimensions (WEDs) scenario. By extending previous
analyses [173, 198], we considered a metric ansatz that reduces to a Schwarzschild-like metric at
the location of the brane with a mass parameter that on top of the time and extra dimension (y)
coordinates also depends on the radial coordinate (r). This ansatz allows for greater flexibility of the
field equations and also allows for additional terms in the metric function beyond the Schwarzschild
one such as Reissner-Nordstrom-like (~ r~2) or (anti-)de Sitter-like (~ 72) to emerge. Even though
the extra-coordinate dependence of the mass function yields extra singular terms in the curvature
invariants, an appropriate solution for the mass function, i.e. one that decreases fast enough as we

move away from the brane, can localize them close to y = 0.
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To support this metric ansatz we considered a plethora of field theory models in the bulk that source
the energy momentum tensor (7),,) in Einstein’s field equations. We started with a bulk filled with a
cosmological constant and we found that even though a Schwarzschild-(A)dS type of metric function
is allowed, the y-dependence of the mass that is necessary to localize the singularity close to the brane

is prohibited. The isotropy of T}, along all five coordinates imposed this constraint.

Next we considered a single bulk scalar field with either canonical or non-canonical kinetic term but
the y-independence of the mass function is also required in this case by the constraints imposed by

the field equations, and this prevented a viable solution from emerging.

We then moved on to consider two interacting scalar fields with canonical or non-canonical kinetic
terms and we thus avoided the total isotropy of 7},,. Unfortunately the rest of the constraints required
that the terms generating the anisotropy of 7},, should vanish and this translated to a y-independent
mass function once again. The next step was to consider mixed kinetic terms for the two scalar fields.
This way we avoided the isotropy of the energy momentum tensor and obtained a Schwarzschild-
(A)dS (S(A)dS) type of solution with y-dependent mass function. Still, in the metric function, the

1

y-dependence appears as a multiplicative factor in the term ~ 72 and not in the ~ r~! one that is

associated with the bulk singularities. So this case also had to be discarded.

In the final section of Chapter 5, we considered a general coupling function f(®) between the bulk
scalar field ® and the Ricci scalar along with a general potential and a cosmological constant term
in the action. In this case, solutions resembling S(A)dS or Reissner—Nordstrém emerged but the

complete set of constrains trivialized the mass function or the black-hole spacetime itself.






Appendix A

The proper distance between r; and r. in the

Nariai limit

In this appendix, following [87, 201] we show that the apparent coalescence of the black hole horizon
rp, and the cosmological horizon 7. in the Schwarzschild-de Sitter (SAS) metric in the critical limit,
does not mean that the physical space between the horizons reduces to zero. Consider the SAS metric

in four dimensions for reasons of simplicity

h(r)dr +7r%dQe , h(r)=1 " 37 (A.1)

ds* = —h(r)dt* +

Then, there are only two horizons if the black-hole mass (m) and the cosmological constant (A)
satisfy 0 <m < %Afl/ 2 while the critical limit, in which the two horizons meet, is given in terms of

an infinitesimal parameter € as
IMPA=1-3 , 0<ex 1, (A.2)

and so we have that the horizons are identified in the limit ¢ — 0. Under the following redefinitions

for the time and radial coordinates in eq. (A.1),

1 1 1
t= , r=—|1—€cosy— =€, A3
A A[ X 6} (A-3)
to first order in € the metric can be re-cast into
1 2 2
ds® = N [— (1 + g€ cos x> sin y2dy? + <1 — gecos X) dx* + (1 — 2ecos x) dﬁg] , (A.4)

where the locations of the Killing horizons in these coordinates are determined by the vanishing of the
metric function, i.e. gy = 0, and are xy = 0 for the black-hole horizon and y = 7 for the cosmological

horizon.

Now, it is easy to see that the proper distance between the two horizons is non zero since in the limit

€ — 0 we have

£0. (A.5)

[ [ 351 )
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0 VA 3 xXax 0 VA 3 X ) ax
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Appendix B

The manipulation of the energy dependence of
the radial EOM

In this appendix, we present the various ways in which one may write the radial EOM for the scalar
field that propagates in the HD SdS spacetime eq. (2.28) in order to obtain the most “reasonable”

expressions for the GFs. For convenience we re-write the EOM here

d*R(f)
df2

dR(f) [ (wrn)?® w1 Arf)

fa=y g Umr T ey

+(1=Byf) R(f) = 0. (B.1)
We use this EOM to illustrate the method but keep in mind that this also applies to the asymptotic
form of the EOM close to the cosmological horizon as well and for fields that propagate on the brane
and in the bulk. Let us focus on the form of the term in the square brackets (in this appendix we
use the letter A to indicate this term). During the process of recasting the radial EOM for the scalar

field into the hypergeometric equation of eq. (2.31)

*F(f)
df2

o= (14 a1+ b) f) ‘”;j(f) by F(f) =0, (B.2)

fA=1)
the term A in general is not of the form given in eq. (B.1) but rather

A= (wrp)? A (1= Ar?)
LA -f) A0 )

(B.3)

Clearly, the form of A as it is given in eq. (B.1) is one of the mathematically equivalent ways that
one may write (B.3) in the near-horizon (f — 0) limit. Still, the way one chooses to write this term
affects the energy-profiles of the obtained GFs due to the fact that the locations of the poles that
appear in the gamma functions in the solution for GF change. Consequently some choices are “less
appropriate” than others, in the sense that they result in the abrupt termination of the GF curves or
yield curves that do not asymptote to the value 1 in the high-energy limit as is the typical behavior
of the GFs.

Let us start by recalling the form of the parameters a; and b; of eq. (B.2) that appear in the arguments

of the gamma functions of the analytic expressions for the GF (we re-write them here for convenience)

ar=a1+ 31+ By —1 by = a1 + b1, c1=1+2a. (B.4)
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After the field redefinition (2.30), namely R(f) = f*(1 — f)"1F(f), that takes us from eq. (B.1)
to eq. (B.2), the energy dependence of the first term in eq. (B.3) is distributed to the parameters
a1 and by via the form of «j and B,. The latter two parameters are determined by the requirement
that the coefficient of F'(f) in eq. (B.2) should not depend on f which is guaranteed by imposing the
vanishing of the coefficients of the non-zero powers of f that appear in the product aib;. So it is clear
that the way one writes the coefficient A close to the horizon affects the form of oy and 5, which in

tern determine a1 and b; that appear in the analytic GF expressions.

Using the fact that close to the horizon f — 0 or equivalently (1 — f) — 1 we may multiply “at will”
the first term in eq. (B.3) with unity i.e. 1 ~ (1 — f) and this way “split” the energy dependence of

(wrp)? to terms with various powers of f.

As an example consider the following case:

i) (1= ) (@m)? | (wr)’1
i A2f - A& a2 f (B-5)

This way the parameters that characterize the solution assume the following forms:

61:2ah—|—1

Another way to write the first term of eq. (B.3) is

BT - () 7+ () ot >0

In this case, the parameters assume the following forms:

T,
ap = —
h A,
4Ar?
By=1+-—1h

Aj
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1

B, = AMn(1 = A7) — (wrp)?)
h=3

Aj

(2—Bh)—\/(3h—2)2+

a1 = ap + B,

bi=ap+Br+ (By—1)

21w,
Ap

61:1—

We have found that the “best results” for the GFs are obtained upon writing (B.3) as in eq. (B.1).
The curves produced for the GF with the choice we made (B.1) in the manipulation of the A term,
are affected the less by the existence of poles. Finally, our choice is further justified by the impressive

agreement between the analytic results we obtained and the exact numerical ones.






Appendix C

Numerical code for the calculation of the

greybody factors

In this Appendix, we present the numerical code we developed in the context of [3] in order to derive
the exact forms for the greybody factors (GF) in the case of a massless scalar field that exhibits a
non-minimal coupling with gravity and propagates in the higher-dimensional Schwarzschild-de Sitter
spacetime. The exact forms of the GF in the case of brane-confined as well as for bulk-propagating

fields may be computed with the following algorithm:
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SetDirectory[NotebookDirectory[]1];
$TemporaryDirectory = NotebookDirectory[];
(% ——=—mmmmmmmm oo Input of the parameters -
(START) = e o e e e e *)

A =0.1; (* The value of the cosmological constant. x)
£ =0.1; (*» The non-minimal coupling parameter. =)

n =2; (* The number of extra dimensions. )

1=0; (» The angular momentum quantum number. =x)

rh = 1; (» The black-hole horizon radius. =x)

BoundaryConditions = 2;

(*» Variable that discriminates between the different choices for the boundary conditions. x)
radialeom = "bulk";

(*» Variable that discriminates between the bulk and brane radial equations of motion )

€ =10” (-5); (» The infinitesimal radial distance from the horizons. =x)

wo = 0.000001; (» Initial value of the energy for the integration of the radial eom. x)
wmax = 1.5; (» Final value of the energy for the integration of the radial eom. )
datapoints = 200; (x» Variable that determines the number of

data points the code generates in the energy interval: (wmax-w@). x)

dw = wmax / datapoints; (x The integration step for the solution of the radial eom. x)

If[radialeom == "brane",
filename = "GFdatafilebrane.txt";]
If[radialeom == "bulk",
filename = "GFdatafilebulk.txt";] (* The name of the file containing the generated data. =)

Clear[rc];
Lam=2A/ ((n+2) (n+3));
hr=1- (1-Lam) /r~*(n+1) - Lam r~2;
(* The metric function after using h(rh)=0 and rh=1 to eliminate the mass parameter pu. *)
roots = NSolve[hr == 0, r] ;
list = Table[0], {j, 1, n+3}]; (* The roots of the metric function. =)
Do[If[Im[r /. roots[[i, 1]]] == @, list[[i]] =r /. roots[[i, 1]]], {i, 1, n+3}];
rc = Max[list]; (* Sorting and isolating the root corresponding to the cosmological
horizon radius in a systematic way valid for any choice of the parameters of the system.x)

Ah = (n+1) - (n+3) Lamrh”2;

(* The quantity Ah (defined in eq. ... ) evaluated at the location of the black-hole horizon =)
Ac = (n+1) - (n+3) Lamrc"2;

(* The quantity Ah (defined in eq. ... ) at the location of the cosmological horizon x)

af[x_, w_] :=1;

bf[x_,w_] :=-Iwrh(n+1- (n+3) Lamx”"2)
(1-(1-(1- Lam) /x~(n+1) - Lamx~2) / (L-Lamx”~2)) / (Ahx (1- (1- Lam) /x~ (n+1) - Lamx~2));

near = rh + €; (» The final value of the radial coordinate for the solution of the eom. «x)
far = rc - €; (*» The initial value of the radial coordinate for the solution of the eom. x)

OpenWrite[filename];

For[w = w@, W< wmax, w=W+dw, (x For each value of w in the
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range (wmax-w@) we compute the corresponding value of the greybody factor. x)

(% ———--—mmmmmmmmmm - Solution of the radial eom on the brane -
(START) == e e *)
If[radialeom == "brane",

radialfn[r] =

NDSolve[{(1- (1-Lam) /r~*(n+1) -Lamr”~2) D[r*2 (1- (1-Lam) /r*(n+1) - Lam r*2) R'[r], r] +
WA2r22-(1(1+1) +€&r~2 (12Lam +n (n-1) (1-Lam) /r*(n+3)))
(1-(1-Lam) /r~(n+1) -Lam r~2)) R[r] == @, R[near] == af[near, w], R'[near] == bf[near, w]},
R[r], {r, near, far}, AccuracyGoal -» Infinity, MaxSteps - Infinity];

(% ———mm e Solution of the radial eom on the brane -
(END)  mmmmm m o m e *)

3

(% ———mm e Solution of the radial eom in the bulk -
(START) = oo o e e e e e e *)

radialfn[r] = NDSolve[{ (hr) D[r~ (n+2) (hr) R'[r], r] +
WA2r2(n+2) - (hr) (1L (L+n+1) r*(n) +&r*(n+2) ((n+3) (n+4) Lam))) R[r] =0,
R[near] == af[near, w], R'[near] == bf[near, w]}, R[r], {r, near, far},
AccuracyGoal - Infinity, MaxSteps - Infinity];

(% =—m—mm e Solution of the radial eom in the bulk -
(END) == m e e e e e e e e e e *)

15

(% ——mmmmm e Boundary conditions -
(START) = mmm oo oo oo *)

(*» First set )
If[BoundaryConditions == 1,
Rfn[r] = R[r] /. radialfn[r];
ffn[r] =Ac (1- (1-Lam) /r*(n+1) -Lamr”2) r
D[Rfn[r], r]1/ (Wwrc ((n+1) - (n+3) Lamr~2) (1- (1- (L-Lam) /r~(n+1) -Lamr~2) / (1-Lamr~2)));
pfn[w] = (1/2) Exp[-IwrcLog[(1- (1-Lam) /r*(n+1) -Lamr~2) / (1-Lamr”2)] /Ac]
(Rfn[r] -Iffn[r]) /. r - far;
qfn[w] = (1/2) Exp[IwrcLog[(1- (1-Lam) /r*(n+1) -Lamr”~2) / (1-Lamr”2)] /Ac]
(Rfn[r] + Iffn[r]) /. r - far;
greyfn = (1- Abs[(pfn[w])~2/ (qfn[w])*2]);
15
(*» Second set =)
If [BoundaryConditions == 2,
Rfn[r] = R[r] /. radialfn[r];
ffn[r] =2 (1-(1-Lam) /r*(n+1) -Lamr”2) D[Rfn[r], r] / (wrcD[1- (1-Lam) /r*(n+1) -Lamr”2, r]);
pfn[w] = (1/2) Exp[-IwrclLog[1l- (1-Lam) /r*(n+1) -Lamr~2] /2] (Rfn[r] -Iffn[r]) /. r - far;
gfn[w] = (1/2) Exp[IwrcLog[l- (1-Lam) /r*(n+1) -Lamr~2] /2] (Rfn[r] +Iffn[r]) /. r - far;
greyfn = (1- Abs[(qfn[w])~2/ (pfn[w])"2]);
15

Write[filename, {w, Abs[greyfn[[1]]]}];
(» For[w] end *)];
Close[filename];

(% ——-—mmmmmm oo Plotting the greybody factor -
(START) = —m o m oo e e *)

horLabel = "wry";

verLabel = " |A|2";

ListPlot [ReadList[filename],
PlotStyle » {Thick},
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(xPlotLegends—Placed[{"n="<>ToString[n]},{0.85,0.63}],*)
Joined - True,

ImageSize - 550,

PerformanceGoal - "Quality",

Frame - True,

LabelStyle -» {FontFamily -» "Times", FontSize - 24, Bold},
FrameLabel - {horLabel, Rotate[verLabel, -Pi/ 2]},
FrameStyle - Directive[Black, Opacity[1.5]]

(% —mmmmm e Plotting the greybody factor -
(END) == = o o o *)
1.0¢
0.8
0.6
AP
0.4:
0.2+
0.0t | e

00 02 04 06 08 1.0 12 1.4

wry



Appendix D

Numerical code for the calculation of the

differential energy emission rates

In this Appendix, we present the numerical code we developed in the context of [3] in order to
derive the differential energy emission rates (EERs) for the Hawking radiation of a higher-dimensional
Schwarzschild-de Sitter black hole. The following algorithm is suitable to calculate the EERs for both

the brane and bulk channels of emission:
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SetDirectory [NotebookDirectory[]];
$TemporaryDirectory = NotebookDirectory[];
(% ————mmm e Input of the parameters -
(START) = — = o o oo e e *)

A=0.1; (» The value of the cosmological constant. =)

£ =0.1; (* The non-minimal coupling parameter. x)

n=1; (» The number of extra dimensions. =x)

1min = @; (+ The dominant mode of the field %)

1max = @; (* The upper cut-off in the 1- summation of the power spectrum x)
rh = 1; (» The black-hole horizon radius. =)

BoundaryConditions = 1;
(* Variable that discriminates between the different choices for the boundary conditions. x)
radialeom = "bulk"; (*# Variable that discriminates between the bulk and brane radial equations of motion =)

€ =10” (-5); (» The infinitesimal radial distance from the horizons. =x)

WO = 0.000001; (» Initial value of the energy for the integration of the radial eom. x)
wmax = 1.5; (» Final value of the energy for the integration of the radial eom. =)
datapoints = 50; (* Variable that determines the number of

data points the code generates in the energy interval: (wmax-w@). x)

dw = wmax / datapoints; (* The integration step for the solution of the radial eom. x)

If[radialeom == "brane",
filename = "EERdatafilebrane.txt";]
If[radialeom == "bulk",
filename = "EERdatafilebulk.txt";] (» The name of the file containing the generated data. x)

Clear[rc];

Lam=2A/ ((n+2) (n+3));

hr=1-(1-Lam) /r~(n+1) - Lam r~2;

(* The metric function after using h(rh)=0 and rh=1 to eliminate the mass parameter u. x)
roots = NSolve[hr == 0, r] ;

list = Table[@F, {j, 1, n+3}]; (* The roots of the metric function. x)

Do[If[Im[r /. roots[[i, 1]]] =0, list[[i]] =r /. roots[[i, 1]]1], {i, 1, n+3}];

rc = Max[list]; (* Sorting and isolating the root corresponding to the cosmological

horizon radius in a systematic way valid for any choice of the parameters of the system.x)

(*Calculating the radius of the preferred non-accelerated observer (PNAO) =x)
Clear[Tbh];

roots2 = NSolve[D[1- (1-Lam) /r~(n+1) - Lam r*2, r] =0, r] ;

list2 = Table[@0 ], {j, 1, n+3}];

Do[If[Im[r /. roots2[[i, 1]]] =0, list2[[i]] =r /. roots2[[i, 1]]1], {i, 1, n+3}];
ro = Max[list2];

dhe = (1- (1-Lam) /r*(n+1) - Lam r*2) /. {r->ro};

(* Defining the surface gravity of the horizons x)
kh= (2rh)~(-1) ((n+1) -2Arh”"2/ (n+2));
kc=-(2rc)”(-1) ((n+1) -2Arc”"2/(n+2));

(* The Bousso-Hawking temperaturex)
Tbh = (Sqrt[dhe]) ~ (-1) kh/ (2Pi);
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Ah = (n+1) - (n+3) Lamrh”2;
(* The quantity Ah (defined in eq. ... ) evaluated at the location of the black-hole horizon =)

Ac= (n+1) - (n+3) LamrcA2;

(* The quantity Ah (defined in eq. ... ) at the location of the cosmological horizon x)

af[x_, w_] :=1;
bf[x_,w_] :=-Iwrh (n+1- (n+3) Lamx"2)
(1-(1-(1- Lam) /x*(n+1) - Lamx”2) / (1 -Lamx”2)) / (Ahx (1 - (1- Lam) / x*(n+1) - Lamx"2));

near = rh+ e; (» The final value of the radial coordinate for the solution of the eom. =)
far = rc - g; (* The initial value of the radial coordinate for the solution of the eom. =)

OpenWrite[filename];

For[w = wO, W < wmax, w = w+dw, (* For each value of w in the

range (wmax-w@) we compute the corresponding value of the greybody factor. )
Clear[EER]; EER = @; Do[

(% —==———mmmmmmmmm o Solution of the radial eom on the brane -
(START) = m oo o o o e *)

If[radialeom == "brane",

radialfn[r] = NDSolve[{(1- (1-Lam) /r*(n+1) -Lamr”~2) D[r*2 (1- (1-Lam) /r~*(n+1) - Lam r*2) R'[r], r] +

(WA2PrA2- (1 (1+1) +£r~2 (12Lam +n (n-1) (1-Lam) /rA(n+3))) (1- (1-Lam) /r~A(n+1) - Lam r~2))

R[r] == @, R[near] == af[near, w], R'[near] = bf[near, w]},
R[r], {r, near, far}, AccuracyGoal -» Infinity, MaxSteps - Infinity];

[ Solution of the radial eom on the brane -
(END) == m m oo o o e e e e *)

k)

[ Solution of the radial eom in the bulk -
(START) = o m oo o e e *)

radialfn[r] = NDSolve[{ (hr) D[r~* (n+2) (hr) R'[r], r] + (W 2P~ (n+2) -
(hr) (L X+n+1) r2*(n) +&Er*(n+2) ((n+3) (n+4) Lam))) R[r] == 0, R[near] == af[near, w],
R'[near] == bf[near, wl}, R[r], {r, near, far}, AccuracyGoal - Infinity, MaxSteps - Infinity];

(% —mmmmmmmmmmmmmm = Solution of the radial eom in the bulk -
(END) === mm oo o e o e e *)
15
(G Boundary conditions -
(START) = o —m o o e e *)

(* First set =*)
If[BoundaryConditions == 1,
Rfn[r] = R[r] /. radialfn[r];
ffn[r] =Ac (1- (1-Lam) /r*(n+1) -Lamr~2) r
D[Rfn[r], r]/ (wrc ((n+1) - (n+3) Lamr”~2) (1- (1-(1-Lam) /r*(n+1) -Lamr~2) / (1-Lamr”2)));
pfn[w] = (1/2) Exp[-IwrcLog[(1- (1-Lam) /r*(n+1) -Lamr”~2) / (1-Lamr”2)] /Ac]
(Rfn[r] -Iffn[r]) /. r - far;
gfn[w] = (1/2) Exp[IwrcLog[(1- (1-Lam) /r*(n+1) -Lamr~2) / (1-Lamr”~2)] /Ac]
(Rfn[r] +Iffn[r]) /. r - far;
greyfn = (1- Abs[(pfn[w]) "2/ (afn[w])"2]);
15

(» Second set x)
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If[BoundaryConditions == 2,

Rfn[r] = R[r] /. radialfn[r];

ffn[r] =2 (1- (1-Lam) /r*(n+1) -Lamr~2) D[Rfn[r], r]/ (wrcD[1- (1-Lam) /r~*(n+1) -Lamr*2, r]);
pfn[w] = (1/2) Exp[-IwrclLog[1- (1-Lam) /r”*(n+1) -Lamr~2] /2] (Rfn[r] -Iffn[r]) /. r - far;
gqfn[w] = (1/2) Exp[IwrcLog[1l- (1-Lam) /r”*(n+1) -Lamr~2] /2] (Rfn[r] +Iffn[r]) /. r - far;
greyfn = (1- Abs[(qfn[w])~2/ (pfn[w])~2]);
15

(% ————mmmmmmmmmmmmm Boundary conditions -

(END) — === *)
If[radialeom == "brane", (* With this conditional function,

we define the “multiplicity of states” coefficient N1 on the brane and in the bulk. =*)
NL=21+1,

N1 = (21+n+1) Factorial[l +n] / Factorial[l] / Factorial[n+1]

15

m
m
27
n

EER + (Abs[greyfn[[1]]]1 Nlw/ (Exp[w/Tbh] -1) / (2x));

» {1, 1min, 1max}];

Write[filename, {w, EER}];
(» For[w] end =)1;
Close[filename];

(% ==mmme-

(START)  m = m m o oo oo )

horLabel ="

‘wr‘h";

verLabel = "EER";

ListPlot [ReadList [filename],
PlotStyle -» {Thick},
(*PlotLegends—»Placed[{"n="<>ToString[n]},{0.85,0.63}],*)
Joined - True,
ImageSize - 550,
PerformanceGoal - "Quality",
Frame - True,
LabelStyle » {FontFamily -» "Times", FontSize - 24, Bold},
FrameLabel - {horLabel, Rotate[verLabel, -Pi/ 2]},
FrameStyle -» Directive[Black, Opacity[1.5]]

—————————————— Plotting the energy emission rate -

————————————————————————————————————————————— *)
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0.0020}
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