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Black hole n telé ‘ofin’ thermodynamics — abajade
tuntun fa won dé€ black hole t6 n yi pada gidigidi nita
equilibrium

Ldti awon odiin 1970 ni a ti mo pé black hole 7 télé awon ofin té jo thermodynamics, sugbon eya to se
kedere ji lo sisé fiin awon black hole t6 jokoo ni iddkéjé ninu equilibrium nikan. Paper tuntun kan ninii
Physical Review Letters fa first ati second law dé awon apd quasi-local horizon ti 6 kiin condition fiin
dynamical horizon segment, ti 6 si lé jinna si equilibrium ldisi aala — nigba accretion, collapse ati opo jit
lo awon ipele black-hole merger. Simulation 7 topinpin quasi-local horizon jdlé merger, sugbon awon ofin
nda ko tii bo akoko kiikiiri to yi coalescence kd nigba ti horizon nda ki i se dynamical horizon segment.
Core framework nda wa ninii general relativity, péli semiclassical application fiin evaporation; ki i se
quantum gravity tuntun, observation tabi ojiitiui si black-hole information puzzle.
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Black hole ni “0fin” t6 da bi thermodynamics. Eya t6 mé
daadia sisé€ nigba ti ko si ohun t6 n sele nikan.

Okan ldra otit6 t6 ya junind physics ni pé black hole i huwa bi ohun té gb6na. Ni ibéré awon odiin 1970, Bekenstein
ati Hawking ri 1 pé equation t6 i sakdso black hole bé ofin thermodynamics mu, 0ro ftin 0ro: black hole ni entropy
t6 proportional si area horizon r¢, ati temperature t6 proportional si 0jd agbdra walg r¢. Léyin nda Hawking fi han

pé temperature nda jé gidi ni itumo t6 jinle ju — black hole i tan thermal radiation t6é r¢west gan-an ni to6to.

Ki ni Hawking radiation?

Ni classical physics ko si ohun t6 I¢ s4 kuro nint black hole, nitori nda 6 ye ki 6 jé duda patapata, ki 6 si ma
ni temperature rard. Ni 1974 Stephen Hawking fi han pé ohun yii yi pada nigba ti a ba ka quantum abd-¢k¢
si 1égbeé€ horizon: black hole 1 ti thermal glow té réwesi sita, nitori nda mass r¢ 11 din diedie, tabi 6 i
“evaporate.” Spectrum nda jé thermal ni Hawking temperature, nigba ti propagation koja curved spacetime
1 yi radiation ti 6 dé infinity pada. Nint awordn imoran kan ti a sdba 10 — ki 1 se derivation Hawking gangan
— quantum fluctuation I¢gb¢é horizon 1i dd pair sil¢, partner kan 1 sd jdde gégé bi radiation, elékeji si i
subu sinu black hole.

Eka pataki ni pé temperature yii inverse proportional si mass black hole: bi hole se kéré si i, bée ni 6
se gbond si i. Fun black hole kankan ti telisikbopu I¢ ri, temperature nda kéré ju aroso lo — 6 tutu ju
aye sofo t6 yi 1 kd lo — nitori nda ni ise glow nda ko se pataki, a ko si tii diwon r¢ taara. ise pataki re
jé conceptual: Hawking radiation ni 6 yi afiwé ldaarin black-hole mechanics ati thermodynamics pada si

nkan gidi. Nitori pé hole nda ni temperature gidi, “temperature” ati “entropy” nind awon 0fin wonyi jé
thermodynamic quantity gidi, ki 1 se ibAmu equation lasan. (Eyi jé abéle fun iwé iwadii lowolowo, ki 1 se

Okan ninu abajade r¢.)

Ibamu yen diir6 16ri abajade ti a 1i pe ni first law of black hole mechanics (Bardeen, Carter ati Hawking, 1973).
Ni 0r0, 6 so pé: ti o ba ta black hole di¢ lati steady ip0 kan si steady ipO mii t6 sunmg, iyipada mass r¢ dogba si
temperature re& ilépo yipada entropy r&, peld term kan fan spin re. O jé &ya black-hole ti “heat ti wolé dégba si
temperature ildpo iyipada entropy.”

Stugbén ¢tan kan wa nind 0rQ steady ipo t6 sunmg¢. Ofin mim¢ 1973 fi black hole méji t6 j6koo ni 1ddkéjé nind
equilibrium wé ara won, ti iyatd won si jé infinitesimal nikan. Ko sape¢jiwe ilana gangan ri — black hole t6 1 je
irawo, black hole méji t6 i merge, hole tuntun t6 i ring down I€yin ibi t6 lagbdra. Iwonyi ni awon ipo ti a fé 16ye

ju, woén si jé odikeji “j0ko ni iddkéjé.” Ofin t6 m¢ nda ddké nigba gangan ti black hole b4 1i se ohun t6 nifeé si.
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Ki 16 d€ ti ojutun t6 da bi en1 pé€ 6 rorun ko fi s1s¢?
O 1¢ da bi eni pé ojutud rorun: kan wo horizon bi 6 se fi gbooro nigba ti matter ba 1i subu sind re. Isoro ni horizon

wo?

Horizon ti opd éniyan mda 1i ront — isele horizon, aala gidi ti ko si ipadabo kojd — ni property kan t6 subtle ti

z PIENIEN

0 si nira: gbogbo 0j6 iwdju agbdyé 16 1 salayé r¢. Ki o Ie mo ibi ti is¢le horizon wa ni bdyii, o ni 1ati mo gbogbo
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ohun ti y60 subd sinii hole naa 14élaé. Eyi ki i se technicality kékeré. Event horizon 1& bere si i gbooro nind aye
ti 6 sofo, flat patdpata sddji ki matter ti y60 wolé t6 dé, nikan nitori pé matter yen ti pinnu ni geometry gbogbo

spacetime pé€ y60 dé 1éyin. Area r¢ I& po si i nibi ti, ni agbegbe, ko si ohun t6 11 sele rara.

Bawo ni horizon se le gbooro saaju ki matter té6 dé?

Oruko scientific fin isoro yii ni teleological nature of the isele horizon, ti a tin 11 pe ni global definition
re. Nibi yii, “teleological” ko timo si pé horizon ni &te kan, pé 6 mo 9jé iwdju, tabi pé 6 i ran influence
pada séyin nind akéko. O timd si pé béya isele kan wa nind horizon 1& pinnu nikan 14ti int gbogbo itan
0j6 iwaju spacetime.

Formal definition nda so ohun kan naa ni kikurd. Foju ind wo future null infinity — ti a i pe ni “I-plus”
tiasikosi Zt — gégé bi ibi ti imole t6 s4 lo titi 14él4é dé nind 0j6 iwdju t6 sofo ti 6 jinna ldinipekun.
Event horizon ni aala 143érin isele ti light ami t6 lo sita le dé ib¢ nigba kan ati is¢le ti light ami kankan ko
Ie dé ibe¢ 14élaé. Nind notation standard ti gbogbogbo relativity, 6 jé aala ti causal past future null infinity:
A~ (Z). Nitori pé ord ldéldé wa nind definition nda, measurement ti a se nibi ati bayii nikan ko I¢ toka
ibi is¢l¢ horizon d4ju.

Collapsing spherical shell kan mu iyalénu nda han kedere. S44ju ki shell nda t6 dé, agbegbe ind r¢ I¢ sofo,
geometry agbegbe r¢ si flat. Ran light ray jade 14ti centre ni akoko té f pé si i 1ésese: ray akokd sé jade,
sugbdn awon t6 pé si i padé shell t6 11 collapse nind geometry ti won ko 1€ sd kiird nind r¢. Event horizon
ni aala t6 ya esi méjeeji. Ti a ba té ¢ pada s€yin, aala yen bere ni centre, 6 si i gbooro kojé ind t6 si sofo,
flat sa4ju ki shell t6 dé. Area t6 fi gbooro r¢ ki 1 so agbegbe flow matter kankan nib¢; 6 1i se akosile awon
escape route wo ni 6 si si nind spacetime té pari.

KO0 si ohun nind awordn yii t6 A sis¢ s€yin nind akoko. Ti a ba yi shell nda kiro, ti black hole ko si d4 sile,
spacetime t6 pari y60 yatd, agbégbe sddji yen ko si ni jé ap4 ise¢lé horizon. EkS nda ki i se pé 0j6 iwdju i
yi ohun t6 ti sel¢ pada; 6 jé pé isele horizon jé global causal aala, ki i se oju ti observer t6 wa nitosi 1&
detect ni instant kan. Idi gangan niyen ti physicist fi lo quasi-local tabi dynamical horizon nigba ti wén fé
topinpin black hole bi 6 se i yi pada.

Eyi mu iselé horizon ma wilo gégé bi account ti i1 1o ni gbogbo igba fin “ipd” black hole. O ko til¢ 1&é mo ibi re
nind computer simulation titi simulation nda y6o fi pari, 6 si d4jd pé o ko 1e 10 6 lati topinpin temperature tabi

entropy ni gbogbo moment.

Igbése tuntun: horizon ti a I& salayé ni agbegbe

Iwé iwadii tuntun 14ti ow¢ Abhay Ashtekar, Daniel Paraizo ati Jonathan Shu gbé ab4jade r¢ kari itumo horizon
miiran — eyi ti 6 jé quasi-local, ti geometry ind adigbo re finra r¢ nikan 1 salayé, laitdka si 9jé 0la aildpin. Awon
quasi-local horizon wonyi ni awon ojd ti awon numerical relativist ti i 10 tél¢ lati mo ibi ti awon black hole ibere
wa, lati topinpin merger, ati 14ti mo ibi ti eyi t6 sé ki wa jél¢ simulation kan. Awon dfin thermodynamics ti a se
nind is¢ yii kan awon apd quasi-local horizon ti 6 kin awon condition afikin fiin dynamical horizon segment.
Loéri segment bée kookan, area 1i yi pada ni iddhuin taara si local energy flux, ki 1 se si isele ni 0jé ola jijin: 6 i po

si 1 nigba positive influx; fin time-like horizon t6 i evaporate ti negative energy flux si i koja r¢, 6 i din ku.

Léri eyi, awon onkowe tin yanju apd té nira ju ti isoro nda. Nind thermodynamics deede, &to t6 jinna si equilibrium
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soro gan-an: o ko 1¢ fi temperature tabi pressure kan soso fin un ni ona té m¢, nitori pé awon quantity wonyi ni
definition t6 pé nigba ti ohun gbogbo bd ti settle. Black hole ni isoro kan nda — titi awon onkowe fi fi han pé a
I¢ lo abuda pataki ti general relativity. Black hole t6 wa ni equilibrium (Kerr black hole) ni nériba méji nikan i
pinnu r¢: iwon r¢ ati spin r¢. Nitori nda won ko map kan ti 6 gba state kookan légbeé dynamical horizon segment,
ti 6 si ka ni cross-section kookan ti segment nda, ndriba méji ti equilibrium black hole ti state nda jo ni moment
yen. Nipas¢ map yen, a I¢ fi temperature ati spin t6 i yi peld akéko fin black hole t6 11 yi pada gidigidi 1égbeé
segment naa.

Pelt awon eroja wonyi — energy ti a salayé ni local ti i san kojd horizon, ati instantaneous intensive quantities
— won fa first law dé awon black hole t6 1¢ jinna si equilibrium l4isi aala. Ohun t6 se pataki ni pé ofin tuntun nda
sapejuwe awon lyipada finite ti awon physical process gidi i fa (matter ati gravitational wave t6 1 koja horizon),
ki 1 se infinitesimal step 14adrin state mé;ji ti ko yi pada. Woén so second law té bd a mu po mo on, ti statement r¢
ti di quantitative: iyipada area horizon ni ibdsepo taara peli local energy flux — 6 1 po si i nigba positive influx,
6 si n din ku fin time-like horizon t6 11 evaporate nigba negative flux. Ni apap0, first ati second law tdka si ipari
kan t6 se kedere — fiin phase eyikéyii ti dynamical horizon segment diré fiin, bé ti le koko td, area horizon r¢ si

ni iwdn entropy to to.

Ohun ti eyi ko fi han

Ko yanju quantum gravity. A gbé core framework kal¢ nind general relativity; 1ilo r¢ fin black-hole evapo-
ration 1i lo semiclassical approximation, nind &yi ti quantum matter field i ni ipa 16ri classical spacetime. O si
gba standard identification ti horizon area pe¢ld entropy gégé bi assumption, dipo ki ¢ derive entropy nda lati
ohun t6 fundamental ju bée lo.

Ko ka microstate, ko si salayé k7 ni entropy black hole fi se. O fa bookkeeping thermodynamics black hole
gbooro; ko si apoti lati fi microscopic degree of freedom han.

Ko yanju black-hole information paradox. Isoro yen wa nind quantum aba-¢ké; iwé iwadii yii ko kan an.
Ki 1 se observation tabi measurement. Ko si telescope, data tabi gravitational-wave signal t6 képa — math-
ematics ni eyi. “Temperature” ti a fin dynamical horizon bi black hole se 1i evolve jé quantity ti a salayé pela
precision nind equation, ki i se ohun ti o I¢ ka 16ri thermometer.

Ko tii fin wa ni thermodynamic description t6 i1 bd a lo 1diddawodiré fin gbogbo coalescence black hole méji.
Awon numerical simulation fi topinpin quasi-local horizon jal¢ gbogbo evolution — lati awon black hole ibere,
gba merger kojd, titi dé eyi t6 s¢ ku — sugbdn fin akoko kukiird kan té stin m¢ merger gan-an, horizon nda
ko kin awon condition ti dynamical horizon segment gbddo ni. Companion paper nda so pé thermodynamic
account fun akéko yen si jé isé ti 1i lo 10wo.

Ko dojii oye Bekenstein ati Hawking bole. O fa picture won gbooro si dynamical regime nibi ti ofin

equilibrium-only akéké ko ni ohun t6 so.

Bawo ni1 eri nda se lagbara t6?

O lagbdra, fin ird ohun ti 6 jé: is¢ mathematical physics t6 sora, t6 si consistent nind ara re¢, 14ti 0do egbé asddju

kan nint field, ti a t¢ jade gégé bi Editors’ Suggestion ninti Physical Review Letters. Companion paper ti peer review
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ti y¢ wo fuin wa ni derivation t6 gun si i, 6 si se agbéyewo awon case ti a mi kiro nind Letter nda lati j¢é kakura.
Awon caveat t6 ye jé nipa iri eri, ki 1 se quality r¢:

« O gbéke 1é assumption standard pé horizon area ni entropy (area pin si 116po mérin Newton’s constant ati
Planck’s constant). Ti quantum abé-¢ko agbara wal¢ pipé kan ba tin identification yen se 10j¢ iwdju, interpre-
tation nda yo6o yi peld re.

« Nitori ki 6 1¢ kdktru ki 6 si rorun, Letter kikird nda safihan main derivation nipa lilo spacelike dynamical
horizon t6 ni axial symmetry. Companion paper ti peer review ti y¢ wo se explicit analysis fin time-like
dynamical horizon, 6 si construct angular momentum l4ilo rotational Killing field. Sib¢, fin time-like horizon
té i evaporate, explicit backreaction treatment nda ni aala si spherical symmetry.

- “Entropy ddgba si horizon area, kdda ni out of equilibrium” j¢é identification t6 lagbara ti first ati second law
tuntun mu ki 6 natural — ki 1 se theorem ti a derive lati microscopic statistics.

Nitori nda: extension rigorous ti agbékal¢ odin addéta, ki i se experimental discovery, ki 1 si se ofin physical tuntun

t6 nn dard de idanwo.

N
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Idi ti 6 i se pataki
Idi méji: dkan practical, dOkan conceptual.

Ni practical, awon black hole ti a i kékod gangan bdyii — awon ti LIGO ati Virgo i gb¢ bi won se i merge — 1
lo awon asiko won té se pataki ju lo ni ipo t6 jinna si equilibrium. Simulation 1 topinpin quasi-local horizon lati
awon black hole ibére, gba merger kojd, titi dé &yi t6 sé kit. Awon quantity ind paper yii kan awon apd horizon nda
ti 6 kin condition fin dynamical horizon segment, nitori nda €yi fiin wa ni ona t6 ni ilana lati soro nipa entropy
ati temperature black hole la opo ju 1o awon ipele merger evolution ati nigba collapse, ki 1 se 1¢yin ti ohun gbogbo
b4 ti bal¢ nikan. Ni akoko kukurd t6 yi coalescence k4, a si fi topinpin quasi-local horizon, suigbén 6 wa nita

thermodynamic description t6 wa 1dwolowo.


https://doi.org/10.1007/s10714-026-03585-4
https://doi.org/10.1007/s10714-026-03585-4
https://en.wikipedia.org/wiki/LIGO
https://en.wikipedia.org/wiki/Virgo_interferometer

THE CLEAN PAPER gravitation

{70 .
1024 40
=4
519 60 35
— 256 o0 Vg
N =
== 25 &
- 128 10 i
9 o
: 20 5
o 04 30 E
= 15 5§
32 20 z.
10
1
0 10 5
3
-120-100 -80 -60 -40 -20 0 20 40 60 0 -120-100 -80 -60 -40 -20 0 20 40 60 U
Time [milliseconds] Time [milliseconds]

GW150914, gravitational-wave ami akoko ti a detect taara, wa lati black hole méji té n merge. Awon
time-frequency map wonyi fi ami han nind LIGO Hanford (&si) ati LIGO Livingston (6tun): ninu detector méjeéji,
trace t6 molé n goke bi frequency ami se 1 po si i si merger. Eyi jé apeere gidi ti black-hole &to té jinna si
equilibrium; ¢ jé context fun thermodynamic agbékalé tuntun, ki i se observational eri fun agbékale naa.

LIGO Scientific Collaboration and Virgo Collaboration / Classical and Quantum Gravity, Fig. 10 CC BY 3.0

Ni conceptual, thermodynamic thuwasi black hole jé okan ldra clue concrete di¢ ti a ni nipa quantum agbdra wal¢
— ibi ti agbdra walg, quantum abd-¢ké ati thermodynamics ti padé ni kedere. Sise precision si ohun ti “entropy”
ati “temperature” timo si fin black hole t6 11 yi pada gidigidi i mu target t6 ye ki quantum abi-¢ké 0j¢ iwdju dé
si di kedere si i. Ko dahiin ibéere jinlé pé ki ni entropy black hole gangan. O kan so ibééré nda ni precision t6 pd

sii— ati ni apa physics yii, iyen ni pip0 ju lo nind is¢ nda.

Akoétan mimo

Black hole 11 t¢lé awon ofin t6 jo thermodynamics, sugbon ‘first law’ té se kedere ti 1973 fi awon black hole
té jokod ni equilibrium wé ara won nikan, ko si le sapejiwe process gidi kan. Ashtekar, Paraizo ati Shu fa
first ati second law méjeeji dé awon black hole té 1¢ jinna si equilibrium ldisi aala — bi wén se i1 je matter,
1 collapse, 11 ring down, ti won si i la Opo ju lo awon ipele merger koja — nipa lilo quasi-local horizon, lilo
awon ofin thermodynamics 16ri dynamical horizon segment won, ati kiké map kan ti 6 ftn state kookan légbeé
awon segment wonyi ni instantaneous temperature ati spin. Itumd ré ni pé horizon area si jé iwon entropy t6 t6
fin gbogbo phase ti dynamical horizon segment diiré fun. Akékd kikird t6 sin mé coalescence gan-an ko tii
wa labé thermodynamic description yen, bo tile jé pé simulation 1l ba a lo lati topinpin quasi-local horizon. Core
framework nda wa nind general relativity, peld semiclassical application fin evaporation; ki 1 se quantum gravity,

observation, kika microstate tabi ojitud si information paradox.
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ayewo laisi asodun

Ohun ti iwé iwadii naa fi han: Extension mathematically consistent ti first ati second law black-hole mechanics
si black hole fully dynamical, far-from-equilibrium, ti a ko 16ri quasi-local horizon ati awon apd won ti 6 kin
condition fin dynamical horizon segment. O salayé finite, process-based first law ati quantitative second law, 6 si

mu ki identification entropy black hole dynamical peld horizon area jé natural.

Ohun ti 6 jé gidi sugbén interpretive: Identification “entropy = horizon area” ni out of equilibrium. Ofin tuntun
mu ki 6 compelling, suigbdn 6 jogin standard classical area-entropy assumption dipo ki 6 derive re.

£ G

Ohun ti ko fi han: Quantum aba-¢ké agbdra walg; microscopic origin tabi “count” entropy black hole; ojatud

information paradox; observational tabi experimental ¢si kankan; temperature ti o I¢ diwon physically.

Awon aala pataki: Core derivation nda wa nind general relativity, nigba ti time-like evaporation application i
lo semiclassical approximation; akéko kuktru t6 sin m¢ binary coalescence gan-an ko ni representation gégé bi
dynamical horizon segment, thermodynamic description r¢ si si jé isé t6 i lo 10w, bo til¢ jé pé awon numerical
simulation i ba a lo 1ati topinpin quasi-local horizon; explicit backreaction treatment fin time-like horizon té i
evaporate ni aala si spherical symmetry; area—entropy identification jé assumption, a kO prove r¢ 14ti statistical
mechanics.

Igboya méloé ni olika ghogboghoo ye ki 6 ni? Igboya giga pé eyi jé theoretical advance t6 lagbdra, ti field gba
ddadda, ti 6 fa thermodynamics black hole gangan wo dynamical regime. Igboya giga bakan nda pé ki 7 se claim
nipa observation tuntun, ki i se quantum agbara walg, ko si yanju information puzzle olékiki. Tha t6 t6: igbése gidi

nind oye, ti chalk se, ki i se telisikbopu.

Awon atunse léyin itéjade

. Atinse - 2026-08-27

Léyin feedback lati 9do corresponding author Abhay Ashtekar, a se atinse statement méji ti 6 ti so pé
companion paper ti peer review ti yé wo jiyan fun time-like ati non-axisymmetric case nikan, dipo pé ¢
se explicit treatment won. Nigba review naa, a tun salayé pé framework naa ko tii bo akoko kukuru to
sun mo binary coalescence gan-an, nigba ti quasi-local horizon ko kun awon condition fun dynamical
horizon segment.

. Atunse - 2026-08-28

Léyin alayé mii lati owo corresponding author Abhay Ashtekar, a ya quasi-local horizon ti numerical
simulation n topinpin lati awon black hole ibére, gba merger koja, titi dé eyi t6 sé ku, sotd kurd
ninu awon apa won ti 6 kun awon condition afikun fun dynamical horizon segment, nibi ti awon ofin
thermodynamics ti kan.



THE CLEAN PAPER gravitation

Awon orisun

Ashtekar, Paraizo & Shu, Thermodynamics of Black Holes, Far from Equilibrium, Phys. Rev. Lett. 136, 251405
(2026)
https://doi.org/10.1103/3cir-v8f1

Ashtekar, Paraizo & Shu, Thermodynamics of dynamical black holes beyond perturbation theory, Gen. Relativ.
Gravit. 58, 91 (2026)
https://doi.org/10.1007/s10714-026-03585-4
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