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Ninu model gravity t6 d4 16ri entropy, local entropy
density 11 din ku nigba ti total fi po si 1

Paper Physical Review D kan derive temperature, pressure ati first law nini Gravity From Entropy, pro-
posed modified-gravity framework. Nini late-time, low-curvature Friedmann approximation, local en-
tropy ati energy density model vi din kit nigba ti expansion ©i mii total entropy po si i. Calculation nda
concrete ninii theory, sugbon conditional: Friedmann cosmology ki i se exact solution ti full theory, éyi ki i
si se observational evidence pé gravity wad ldti entropy, explanation ti measured dark energy, tabi completed
quantum-gravity theory.
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IwOn didun t6 11 po 1e din iwawo ku nigba ti total i po si 1

Ti entropy 1wiwo awose yii bd 1i din ki bi agbdyé se i gbooro, bawo ni entropy apapo r¢ se tin 1e po sii?

Foju ind wo agbdyé t6 fi gbooro ti a pin si seeli kékeré-kékeré. Iye nkan kan nint seeli kookan le din ki nigba ti
iye apap0 koja gbogbo agbeégbe t6 11 gbooro 1 po si i. Didin iwdwo ku ati pipo total si i ki 1 se 0dikeji nigba ti iwdn

didun finra r¢ 4 yi pada.

Isoro accounting roriin yen wa ni okan ti aba-ek¢ iwé iwadii t6 ni ifé 1ild si i. Nind Physical Review D, mathematical
physicist Ginestra Bianconi ko apejuwe thermodynamics ti Gravity From Entropy (GfE), awose tuntun kan ti
a dabaa nibi ti agbdra wal¢ ti encode nipas¢ ibdsepd té da 16ri isoftinni 14a4rin ohun ¢lo ati jigmétri. Nibi yii,
“information-theoretic” timo si pé awose nda bere lati iwon 1siro ti bi description jiométri méji se yatd: jiométri
ti fisiisi ati jigmétri ti ohun ¢lo ati iko induce.

iwé iwadii naa derive agbegbe iye ti a fi pé ni k-entropy, k-energy, k-iwon ooru ati k-tite. Prefix k ya geometric
sector t6 yatd nind awose; won ki 1 se substance té yato tabi cosmic era t6 yatQ. First-law relation won ni irisi isird
kan nda bi thermodynamics: 1yipada agbdra ni relation peld iwon ooru 1l¢po 1yipada entropy, yo tite il¢po iyipada
iwon didun kuro.

Oer, = 0 sy, — mp, Ov

Léyin nda iwé iwadii nda evaluate iye wonyi ni lilo kosmoloji Friedmann t6 i gbooro: idealized agbayé standard
ti homogeneous ati isotropic ni iwon 1ild. Nind agbdra-kékeré, 1ko-kékeré ipo, example ohun ¢lo-dominated ati
radiation-dominated ni agbegbe entropy ati agbara iwtiwo t6 i din ku, suigbén igbooro 1 fiinni ni iwon didun t6 po
t6 ki entropy apapo e po si i. Total agbdra fi sin mé constant ni ipele akoko, iyen I€yin fifi dominant large-time
term pamé ati yiyo term ti 6 i paré yara si i bi akoko se 11 po.

Eyi jé mathematical &si t6 m¢. Aala ré nda se pataki: isird nda wa nind aba-eké kan ti a dabaa, Friedmann
cosmology ti a 10 flin concrete example si jé isinmg, ki i se ojitud gangan ti full GfE equation. Equation of
motion wonyi wd lati variation ti proposed GfE action, wén si ni dynamical G-field ati higher-order geometric
sector ti ordinary Friedmann equation ko ni. iwé iwddii nda ko observe pé entropy n d4 agbdra wal¢ sil¢, ko
identify dark agbara nint Universe wa, ko si pari quantum-gravity aba-¢ké.

Ohun ti Gravity From Entropy n assume

General relativity sapejuwe agbara wale nipas¢ jiométri spacetime. Matter i so fiin spacetime bi y60 se curve, ik
yen si 1 so fun ohun ¢lo bi y60 se rin. GfE bere 14ti proposed action t6 yatd: 6 ka metric-related object si opereto
quantum, 6 si ko Lagrangian r¢ 14ti Geometric Quantum Relative Entropy (GQRE).

Oro méta nini 120 second
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Quantum operator j¢é mathematical ofin ti 6 i sisé 16ri quantum ip0, ti 6 si dir6 fun iye tabi transformation
kan. GfE assume pé metric-related object re I¢ jé treated ni Ona yii; article nda ko béere ki oluka tin
construction naa se.

Lagrangian j¢é mathematical recipe t6 compact fin dynamics aba-¢k¢ kan. Integrate ré¢ koja spacetime
lati gba action, I€yin nda vary action yen lati derive idogba papa.

GQRE ni model-specific Lagrangian ti GfE yan. O adapt idea quantum entropy ibatan lti fi physical
metric wé higher-order metric ti ohun €lo ati iko induce. Pip¢ € ni entropy ko tdmo si pé 6 jé ordinary heat
entropy.

N\ 2

Relative entropy sdba jé measure ti distinguishability ldadrin pinpin iseese méji tabi quantum ipo méji. Ninti GfE,
afiwé nda wa 14adrin physical metric ati higher-order metric ti ohun &lo ati iko induce. “Higher-order” ko tdmo si
extra spacetime dimension. O timo si pé awdse ko scalar, vector-type ati bivector-type geometric sector jo sind
enlarged object kan. Dynamical G-field kan so component wonyi p9, 6 si “dress” metric ti a 10 nint agbéara wale
ati ohun elo part awose. Framework nda jé constructed ki, nint agbara-kékeré ati iko-kékeré aala, action r¢ din

pada si Einstein-Hilbert action ti gbogbogbo relativity peld ohun ¢lo action.

Gboldhun ikehin yen rorun 14ti ka ju ohun ti 6 timo si lo. Recovering Einstein’s equation nind aala jé afojistn

ibamu fin proposal. Ko fi han pé nature 1 lo larger aba-¢ko nita aala yen.

YORIRN

GfE idogba pdpa tin ni dynamical term ti agbékal¢ naa i pé ni emergent effective dark-energy term. Nind iwé
iwadii yii, Bianconi identify internal-energy iwtiwo awose pelt term yen. “Effective dark agbara” il sapejiwe role

r¢ nind equation. Ki 1 se idanimo t6 da 16ri ¢ri peld dark agbara ti akiyesi kosmoloji infer.

116 méta t6 yato ti oro “entropy”

Ordinary thermodynamic entropy 1 ka iye microscopic arrangement ti 6 1¢ da macroscopic ipo kan sile.
Quantum entropy ibatan 11 diwon bi quantum ipo méji se distinguishable t6. GQRE ninud iwé iwadii yii
jé model-specific geometric construction ti entropy ibatan inspire, ti a si 10 gégé bi gravitational Lagrangian.
Ortko t6 jora ko mu iye wonyi di interchangeable; iwé€ iwadii nda derive connection ti 6 16 nini GfE.

Exact thermodynamic esi nind awose

iwé iwddii nda koko sisé ni ipele GE agbékale finra r¢. Fun order ati type geometric degree of freedom kookan,

ti index k 1 samisi, 6 define:

agbegbe k-entropy lati GQRE;

agbegbe k-energy lati internal-energy iwiwo awose;
conjugate k-iwdn ooru;

ati k-tite.

Quantity wonyi obey agbeégbe first law. Nind notation iwé twadii,
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Index £ ki 1 se list substance tabi era Universe t6 yatd. Nini homogeneous ati isotropic isiro, 6 label entry marun-
un: scalar entry kan; separate timelike ati spacelike entry lati vector-type sector; ati separate time-space ati space-
space entry lati bivector-type sector. Scalar ko ni directional index, vector-type entry ya temporal itgsdna si spatial
itésona, bivector si jé built 1ati pair itésona. Sector kookan 1¢ ni iwdn ooru ati tite tir¢. K-iwon ooru tiin 1¢ jé positive

tabi negative, gégé bi G-field component ti 6 ba a mu se ri.

Awon yii ki i se iwon ooru ti a measure nipa fifi &ro iwdn ooru légbéé cosmological horizon. Standard de Sitter

quantum-field iwdn ooru scale peld H: Gibbons-Hawking iwon ooru ni a assign si cosmological horizon, nigba

ti Bunch-Davies vacuum jé standard de Sitter-invariant quantum ipo ti field correlation r¢ i finni ni thermal

idhiin t6 bd a mu. iwé iwadii ndd ya méjeeji kedere si geometric k-iwon ooru &, ti 6 scale peld H? nind de
=

Sitter example. Nibi yii, “Iwon ooru” jé ortiko thermodynamic conjugate variable ti a derive lati entropy ati agbdra

definition awose.

Nitori naa first-law identity jé derivation gidi, sigbdn 6 jé internal esi: gba GfE action ati definition, thermody-

namic 1seto yii si telé.

Ki 16 dé ti Friedmann isiro fi j€ isinma?

Lati yi agbékale 1sir0 nda si cosmological example, iwé iwddii lo homogeneous ati isotropic Friedmann-Robertson-
Walker (FRW) spacetime. “Homogeneous” timo si pé large-scale awose ni average property kan nda ni gbogbo
location; “isotropic” timo si pé 6 ri bakanna ni gbogbo itdséna. Scale factor kan soso sapejiwe bi ijinna se i gbooro
peli akéko, ohun 1o jé smooth perfect fluid, Hubble parameter H si summarize igbooro rate. Eyi jé idealized

abéle, ki 1 se map individual istup0 irawo.

Stugbdn aibadmu iseto wa. Friedmann agbdyé solve Einstein’s equation. Wén ki 1, ni gbogbogboo, solve full higher-
order GfE equation, ti 6 tin track scalar, vector-type ati bivector-type sector ati derivative G-field. Einstein’s

equation tin farahan nikan ninu first-order, agbara-kékeré ati iko-kékeré aala proposal.

iwé iwadii nda so &yi taara, 6 si treat Friedmann solution gég¢ bi isinm¢, nind ona ti a fi wé fifi mean-field solution
sind fuller aba-¢ko lati idanwo ibi ti isinmé naa si t6 seé gbékelé. Regime naa nilo low agbdra ati small 1k, ti
IlpH < 1 summarize, nibi ti [p jé Planck length. Condition keji nilo product induced higher-order metric ati

inverse physical higher-order metric ki 6 dur6 positive definite.

Nitori n4a abajade ki 1 se “GfE 1 predict history Universe wa.” O sunmd si: ti GFE agbayé ba jé sufficiently well
approximated nipas¢ familiar Friedmann cosmology, awon thermodynamic scaling ti full GfE iye i finni

ni wonyi.

Abajade local-si-total

Nint ipo yen, leading agbégbe iye ni simple scaling:
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- awose entropy iwtiwo scale gégé bi H?;

- awose agbdra iwtiwo scale gégé bi H*;

- fin non-de Sitter Friedmann example ni late 2k6ko, wén di nitkan bi ¢ =2 ati ¢4,
Density méjeeji i din ku bi agbdyé se 1t gbooro. Sugbdn iwiwo ki 1 se total.
Nigba ti iwé 1wddii integrate kojd expanding spacetime agbegbe, iwon didun té A po i yi answer pada. Fin familiar
ohun ¢elo-dominated ati radiation-dominated example, entropy apapo i po peld akoko bi entropy per unit iwdn
didun til¢ A din ku. Total agbdra ko mda po si i titi; ni ipele akoko 6 i siin mé constant.

Eyi ni conceptual &si t6 wiild ju nind iwé iwadii. Local ordering tabi dilution ko gbodd tako global second law.
Region kan I¢ ni entropy per unit iwon didun t6 din ku ni agbegbe, nigba ti entropy apap0 1t po nitori spacetime
iwon didun 11 gbooro yéra ju.

2

Calculation ko fidi mul¢ pé eyi ni microscopic explanation t6 td fin thermodynamic arrow nind Universe gidi. O

fi han pé proposed agbékalg I& gba local-global split yii 14i si itakora ninti Friedmann isinmg r¢.

Afiwé de Sitter, pela iwon ooru to yato

iwé iwadii nda tin wo de Sitter space, idealized exponentially expanding spacetime p¢ld constant H. Fin observer
kan soso, 0 integrate ninti causal diamond finite nikan: overlap laadrin future light cone ti earlier is¢l¢ ati past light
cone ti later is¢le, ti 6 bound spacetime agbegbe ti 6 1¢ participate nind observation ldadrin won. Koja diamond
yen, total GfE entropy scale gégé bi H 2, H-scaling kan naa bi familiar Gibbons-Hawking entropy. Total GfE

agbdra jé order Okan nind unit awose.

Idilé cosmological background kan

FRW jé family homogeneous ati isotropic jiométri, ki i se ibi miiran. Matter-dominated ati radiation-
dominated agbdyé jé FRW oran ti ohun t6 kin awose ya won sétd. De Sitter space tdn e jé written ni
FRW form, stugb6n 6 diré fiin vacuum-dominated oran peld constant H ati exponential igbooro. Causal
diamond j¢ finite agbégbe ti a yan nini spacetime yen ftn observer kan; ki 1 se ird agbdyé miiran.

Matching scaling kan ki 1 se ohun kan naa peld deriving kan naa physical object. GfE k-iwdn ooru té bd a mu
scale gégé bi H?2, yato si standard de Sitter iwdn ooru ti scale gégé bi H. iwé iwadii interpret iyatd yii gégé bi eri

pé k-iwdn ooru jé ti spacetime jidométri dipo quantum field t6 11 gbé 16ri abéle yen.

Léyin nda 6 daba pé iwon ooru bée /é ni relation pelu graviton radiation dipo ordinary particle emission. Eyi jé

future ibéere, ki 1 se esi iwé iwadii yii. A 6 koko ni 14ti quantize abad-¢kd nda ki a t6 1e fidi mile boya iwon ooru

re ba radiation mu rara.
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Ohun ti eyi ko fi han

Ko fi observation han pé agbara wal¢ emerge lati entropy.

Ko fidi mile pé effective term awose naa ni dark agbara ti cosmology measure.

Ko rgpo gbogbogbo relativity pela superior aba-¢ko ti a ti idanwo. General relativity farahan nibi gégé bi
agbdra-kékeré, iko-kékeré aala proposal.

Ko mi Friedmann cosmology di ojatua gangan GfE. Woén jé isinmd ti a 10 1ati isiro afojisun thermody-
namic ihtiwasi awose.

Ko derive complete microscopic count ti spacetime degree of freedom.

Ko flinni ni quantum-gravity aba-¢k¢ to ti pari tabi detect graviton.

Ko fi han pé negative k-iwon ooru jé ordinary negative ¢ro iwon ooru reading.

Bawo ni abajade naa se lagbara t6?

2N N2

Eyi jé peer-reviewed ti abd-¢ko iwé twadii, nitori nda “eri” timo si nkan t6 yato si idanwo. Ibéere té ye ni boya

PERPIEN

definition coherent, boy4 derivation t¢lé, ati boya isinmg j¢é stated ati controlled.

Ni ipele yen, iwé iwddii nda finni ni concrete thermodynamic dictionary fin GfE, 6 si derive first-law iseto
dipo gbigbékelé analogy nikan. O tin mu aala isinm¢ han kedere gan-an: Friedmann solution jé borrowed lati

gbogbogbo relativity, inserted sind GfE iye, ti a si restrict si ip0 nibi ti induced metric diré well behaved.

Awon physical claim t6 tébi si si. Framework nda jé tuntun, iwé iwadii yii ko fi cosmology r¢ wé déta, di¢ lara
implication t6 niféé si ju — quantization, contact-geometric dynamics ati se€ se graviton radiation — j¢é itésona
future isé. Internal consistency jé necessary flin tuntun agbdra wal¢ abd-¢kd. Ko t6 14ti fi han pé ab4-¢kd nda

sapejuwe nature.

Idi ti 6 fi se pataki

Relation ldaarin agbdra wal¢ ati thermodynamics ti pé té si jinle, 1ati black-hole entropy si iwon ooru de Sitter
space. Qpd &si wonyi organized yi horizon kd. GfE dipd bée 1i gbiyanju lati ko agbégbe, volumetric information
measure taara l4ti relation ohun €10 ati jigmétri.

Boya proposal yen y6o ye jé open ibéere. Sugbon thermodynamic exercise nda fi useful target kan han fiin aba-¢ké
ird yen: 6 ye ki 6 salayé bi agbegbe iseto ati falling agbegbe entropy twiwo se 1e wa pd peli increasing entropy
apapo ninu expanding agbayé.

iwé twadii yii fi mathematically explicit way kan han ti eyi fi le sele. Iye re ki 1 se pé 6 ti pa gravity-entropy isoro

dé. O yi apd kan ti isoro naa si equation ti assumption, aala ati next idanwo re le so kedere.
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Akoétan mimo

Bianconi derive apejuwe thermodynamics nind Gravity From Entropy, proposed modified-gravity agbékal¢ t6 da
16ri geometric quantum entropy ibatan. Local entropy, agbdra, Iwon ooru ati tite variable awose obey first law.
Nigba ti full GfE iye bd evaluate 16ri agbdra-kékeré, iko-kékeré Friedmann isinm¢, agbegbe entropy ati agbéra
iwtawo 1 din ku bi agbayé se i gbooro, nigba ti entropy apap0 1t po nitori spacetime iwon didun i1 gbooro; total
agbdra i sin m¢ constant ni ipele akoko fiin ohun ¢elo- ati radiation-dominated example. De Sitter causal diamond
fiin entropy scaling gégé bi H ~2, siigbén awdse iwdn ooru yatd si standard horizon iwdn ooru. Awon wonyi jé
conditional mathematical esi ninti GfE, ki i se observational eri pé agbdra wal¢ w4 14ti entropy, measurement dark
agbdra, tabi completed quantum-gravity aba-¢ko.

Awon orisun

Ginestra Bianconi, Thermodynamics of the gravity from entropy theory, Physical Review D 114, 024042 (2026)
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