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Abstract
A recentmany-body quantumapproach to thermal radiation (SmithGB, et al 2022 J. Phys. Commun.
6, 065004) reveals that the energy capacitance of heatedwater is about twice its heat capacitance, due
to energy stored as local hybrid pairs of photons coupled resonantly to localmatter excitations, with
pair density weighted bymass density. Energy exchange between photons and localised dipole
excitations insidewater at steady temperature T, occurs at sites where a hybridisation potential within
theHamiltonian couples local oscillationmodes to ‘free’ photonmodes. Photonmodes in both
directions are phase retarded at exit sides of a hybrid site. Optically sharp variations with frequency in
the index of refraction n(f) and photon density of states follow. Exit spectral intensities at equilibrium
temperature T carry quantum information on the energy density ofmatter excitations coupled to
photons, while occupied hybrid sites are the source of all ‘free’ photons and internal spectral
intensities. Thematter excitations coupled locally to photons are distinct from those that define
specific heat, but inwater both arise frommolecular oscillations. The energy capacitance CEX(T) of
hybrid pairs depends onmass density and is independent of the heat capacitance CHT(T), which sets
temperature T. CEX(T) is sensitive to T and doubles as a capacitance of energy and of ‘quantum
information’. Expressions for CEX(T) are derived from first principles and applied towater. The
density of occupied hybrids is amplified near surfaces by photons reflected off the surface, which
create newhybrid pairs, but not extra heat. Energy capacitance CEX(T)+CHT(T) sets dT(t)/dt prior to
a new equilibrium state emerging, after input heating rate dQ/dt is switched. Rising atmospheric
intensities then raise T, dQ/dt, CEX(T) andCHT(T). The times available to cool overnight arefixed, so
that a rising capacitance, adds to energy stored at an accelerating rate.

Introduction

A concern from global warming is the recent data [1, 2], that shows the heat content and temperature of the
ocean is growing at an accelerating rate. The experimental data and quantum thermodynamicmodels we
present in this study show that a second non-thermal contribution to stored internal energy atfinite T is present.
It is essential to explaining a range of thermal and optical data observable in equilibrium, alongwith the observed
time series dT(t)/dt during the transient non-equilibriumperiod after amodification of the external heating
rate. dT(t)/dt persists until a new equilibrium state and newT stabilise. Adding a non-thermal energy store to
existing heat capacitancemodifies dT(t)/dt and the total time needed to remove overnight the energy stored
during the previous day. The energy stored as heat, is defined by heat capacitanceCHT(T), the product of specific
heat andmass density of eachmaterial, which sets the equilibriumTvalue. It ismade up of quantum thermal
excitations, as described in treatments of specific heat in condensedmatter physics texts [3]. The experimental
data and quantum thermodynamicmodels we outline and develop in this report show that a second

OPEN ACCESS

RECEIVED

11April 2024

REVISED

28October 2024

ACCEPTED FOR PUBLICATION

5November 2024

PUBLISHED

13November 2024

Original content from this
workmay be used under
the terms of the Creative
CommonsAttribution 4.0
licence.

Any further distribution of
this workmustmaintain
attribution to the
author(s) and the title of
thework, journal citation
andDOI.

© 2024TheAuthor(s). Published by IOPPublishing Ltd

https://doi.org/10.1088/2399-6528/ad8f11
https://orcid.org/0000-0002-6985-2880
https://orcid.org/0000-0002-6985-2880
mailto:geoff.smith@uts.edu.au
https://crossmark.crossref.org/dialog/?doi=10.1088/2399-6528/ad8f11&domain=pdf&date_stamp=2024-11-13
https://crossmark.crossref.org/dialog/?doi=10.1088/2399-6528/ad8f11&domain=pdf&date_stamp=2024-11-13
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


contributionCEX(T), to internal energy stored at equilibriumT is present and is needed to explain a range of
thermal and optical observations in equilibrium. It will also impact the time series dT(t)/dt that can be observed
during the transient non-equilibriumperiod after external heating rate dQ/dt ismodified. The addition of
CEX(T) to CHT(T), extends the transient time-periodwell beyondwhatwe expect fromCHT(T) alone. Past use of
observed radiant cooling rates PH(T) to extract thermal emittance εH(T) [4] of a number of solar selective
surfaces did not agree for all samples testedwith predictions of loss rate based on PH(T)= εH(T)σT

4, the only
model available at that time.

The density of internal photons at each frequency at temperature T represents a third contribution to
internal energy density, but as photons have nomass the associated energy capacitance can usually be neglected.
Internal optical intensities are expected to be affected by the uniformpolarisation they induce in the host
material. Optically however the influence of the quantum source of internal photons atfinite temperature has
unexpected external consequences as optical resonance features are present in emitted optical intensities which
are not expected fromphotonsmoving along internal ground-state stationarymodes defined by a uniform
screening potential provided by the polarisation induced in the host. Amodification of photon stationarymode
densities occurs as the refractive index n(λ) at wavelengthλ rises and falls as wavelengthλ changes. Examples of
n(λ) for water [5], are infigure 1. These variations in n(λ) are sharp and are not characteristic of the dispersion
expected fromoccupied standingwave solutions for ‘free’ internal photonmodes. In the next sectionwewill
show that these n(λ) spectral features are due to a sequence of local phase shifts permode, associatedwith a series
of local resonant delays.We recently showed that since internal photons contributing to internal current density
I(f,T)have phase velocities c/n(λ) along each armof a stationarymodewithwavevector k=n(λ)(2π /λ), the
number of ‘free ’modes up to and including k is 8πk3/3, so the ground-statemode density depends on n(λ)3. As
f= c/λ the photon density atfinite T and I(f,T) both depend on n(f)3 [6]. The quantumphysics responsible for
these index variations is also responsible for the non-thermal internal energy capacitance CEX(T)within heated
matter.

Withmodelled I(f,T) being sensitive to n(f)3 we demonstrated forwater and silica [6] that we could also
predict the observed spectral intensities present in emitted intensities by utilising the exit interface transmittance
of each I(f,T) incident onto the interface. Example spectral responses had been fitted earlier with arbitrary
internal oscillators [7]which happened to also predict observed variations in the infra-red index n(f) [8, 9]. Our
models [6] of internal photon energy densities ρ(f,T), whichmatch equilibrium intensities I(f,T) in optically
isotropicmatter, also predicted the observed optical resonances seen in remotely sensed intensities. The emitted
spectral intensities were also found to be duplicating the energy density of select internalmatter excitations. The
quantumdescription of how that occurs comes next.

The hybridisation of photonmodeswith localmattermodes
The process inwhich internal, localised selectmatter excitations resonantly couple to internal photons leads to a
description of the non-thermal energy capacitance. The heat capacitance exists separately. It is induced by
external heating rate dQ/dt and has beenmeasured and recorded formanymaterials. The non-thermal energy
componentwewill show generatesmobile photons, which unlike those photons transmitted from externally
incident optical radiation sources, including our sun and earth’s atmosphere, are not attenuated in equilibrium.
It follows that they do not contribute toCHT(T) in equilibrium. ‘Free’ internally generated optical intensities and
their photons are instead phase shifted by their delay at sites where internal photonmodes and localisedmatter

Figure 1.Real part n(λ) of refractive index [n(λ)+ik(λ)] forwater [5].

2

J. Phys. Commun. 8 (2024) 115002 GBSmith



modes are able to hybridise. The resulting local hybridmodes are the ground-state wave solutions of the
Hamiltonianwhose various potentials include amixing potential VMIX(hf,Rj)where sitesRjlie along a photon
mode at energy hf.Mobilemodes coupled to localmodes werefirst studied for noblemetal s-bandmodes
coupled to local ionic d-states in dilute alloys [10–12]. Local hybrid coupling of photonmodes tomatter
excitations has qualitative similarity, but themixing potentials needed are present at high density whichmust be
large enough permode to generate I(f,T). In equilibriumphoton densities at energy hfmust alsomatch the
densities of their sources in thatmode, which are the occupied hybrid sites at T. They relax by emission of
photons.

Local hybrid ground-states involving photonmodes are predicted by the energy dependentmixing potential
VMIX(f,Rj) at siteRj. Atfinite T in equilibriummany such two-body local states can be occupied at any instant
along a singlemode, in hfmodes in different internal directions, and atmany energies hf. The ‘free’ photons
emitted by the next-nearest occupied hybrid state soon enter the neighbour hybrid site. The excitations that can
couple at local hybrid sites to photons satisfy new energy andmomentum conservation rules, whichwewill
specify later. Other excitationsmay be present and contributing to the store of heat and the T value. It turns out
in ionic solids for example that phononsmay be present and contributing to heat gain but not to photon
generation. The local excitations in dielectrics that can couple with photons do not propagate and result from
anharmonic single polar bond distortions [6]. Inmost liquids, includingwater,molecular thermal excitations
are local and do not propagate, so they can hybridise with photonmodes and if occupied can also emit photons
atfinite T.When their photonmoves on its pairedmatter excitation relaxes.Maintenance of equilibriummeans
replacement pairs are being created at a sufficient rate in the samemode at otherRj tomaintain the time-
averaged pair density. For water atfinite Tmolecular polar bond oscillations contribute both to stored heat, and
to coupling of ‘free’ photonwavemodes to form local hybridmodes. Occupied hybrid states exist inmodes in
opposite wave directions, which combine to form stationary ground statemodes whosewave profiles are
adjusted to account for the phase shifts induced by eachVMIX.

The quantum fundamentals beginwith the addition to the fullHamiltonian ofmultiple localmixing
potentials of the form given in equation (1)whosemodes couple free photonmodes tomatter excitationmodes
of the same energy. Other potentials present are those that shield photonsmoving along ‘free’mode sections,
and those needed to describematter excitationmodes that contribute toCHT(T).

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )⁎ ⁎ ⁎H E V E c E a E V E a E c E 1MIX MIX MIX= +

Each c*(E)a(E) and its conjugate a*(E)c(E) operate at hybrid sites. The ‘free’ photonmode densities ρ(f,T)
modified by phase shifts are derived from c*(f)c(f)while a*(f)a(f) are the ground state densities of themodes that
couple locally to photons. They define energy density ρ(f,T)which becomes a ‘virtual density’whose photons are
being delayed, sowe call such hybrids photonic virtual-bound-states. Thismany-bodymodel involvingmultiple
local sites for water thus involves in equilibrium an exchange of energy andmomentumbetween photons and
local oscillations of watermolecules. VMIX(f) enables local optical wave coupling at energy E1= hf. It is possible
that hybrid site occupancy fluctuates between energies hf and 2hf so thatmean energy per occupied hybrid site is
below 2hf. If that occurs the need for total photon density at hf tomatch total hybrid energy density permode
does not change and can bemetwith the addition of extra hybrid sites. A similar problemwas foundwhen local
valencefluctuations result when two ‘ionic’ energy levels exchange energy [13].Wewill proceedwith energy 2hf
per occupied hybrid site, though futureworkmay require addition of hybrid sites to yield the required internal
total internal optical intensities IH(T) derived fromobserved values of PH(T)= εH(T)IH(T) if themean energy
content per site is below 2hf.

Pair-forming local excitations can also include oscillations due to anharmonic distortions of bonds in ionic
solids [6] as they do not formphonons. Phonons or other extended thermal excitationsmay be present however
and contributing toUHT(T) but are unable to satisfy the exchange conservation rules. Other hybrids inmatter
involve coupling to localised charge defects such as vacancies and interstitials within non-stoichiometric
compounds [14] as found in oxide and nitride based transparent conductors such as ITO [15, 16] andAlTiN [14,
17–19]. A section of a photonmode containing localised hybrid ground states is sketched infigure 2 atfinite T.
While our focus is the build-up of heat in oceans,models involving hybrid pairsmay also impact heat build-up
in landscapes. Relevant capacitances are noted in the appendix.

Observations atfinite T that are sensitive to hybrid site densities
Measured properties that cannot be explainedwithout invoking local hybrid ground state sites within each
photonmode include

• externallymeasured spectral intensities

• information onmatter excitations carried by emitted photons
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• total internal energy densityU(T)

• the rate of change of temperature in the transient period following a change in external heating rate.

Each local excitation and coupled ‘free’ photonmode have individual occupation probabilities atfinite T
defined by the Bose–Einstein function 1/exp[(hf/kT)−1]. The energy density of occupied local hybrid states at T
summed over all energies per site andweighted by hybridmass density, is both a store of exchange energyUEX(T)
and a store of information on eachmatter excitation energy per hybrid site present at that time. Pairs per site and
time-averaged site occupancy are a function of the strength of VMIX(f) andT. They also define the resonant delay
experienced by each photonwhile inside a hybrid site. Total energy densityUEX(T) includes all occupied hybrid
sites per unit volume, so it is weighted bymass density ρm.

The energy capacitance fromhybridpairs isCEX(T)=dUEX(T)/dTwhich doubles as a store of quantum
information onmatter excitation energieswhich are also imprinted onto the exit photonswhen they leave a hybrid
site as an optical phase shift within their exit freemode. Information creationwith computers consisting of logic
gates has a thermal energy cost [20] as does energy storedby charging arrays of capacitorswith an applied voltage.
Wewill show that the non-thermal quantumenergy and information capacitanceCEX(T) fromhybridpairs is
different (thediscussion onentropy in the appendix is also relevant). It needs only thefinite T value provided by the
‘internal heat bath’CHT(T) to exist. AtfiniteT the ground state local and extendedwaves are activatedwithout
doingwork.Wewill evaluateCEX(T) fromfirst principlesmodels of pair density and the energy of each pair. The
pair energydensity also controls the total density of photons emerging into adjacent ‘free’mode sections that link
twoadjacent hybrid sites, so pair density also defines internal hemispherical intensity IH(T). Thismeans that
CEX(T) andUEX(T) can also be derived frommeasurements of the hemispherical rate of energy loss PH(T) fromall
emitted optical intensities if values of hemispherical transmittance τH(T) are known as radiant intensity PH(T)=
τH(T)IH(T). τH(T)will be derivedusing conservationwhile PH(T) in equilibriumcontains a stableflowof
information onmatter excitation energies and is not aflowof heat. Thismodel points towaysof controlling the
spectral compositionwithinPH(T), a capability thatmay beof use in achievingmore efficient solar cells.
Hybridisedmodes are also expected indefect free conductors and semiconductors at electron energies nearest to
fermi levels, but to simplify this introductory treatment, and for its relevance to ocean heating,wewill limit this
detailed study to localmodal oscillations of polarmolecular bonds, using our publishedmodels for I(f,T) [6].We
shall showwhy energy capacitanceCEX(T)=dUEX(T)/dT is larger than the heat capacitanceCHT(T) forwater.

Summing pair energies over all frequencies beforeweightingwithmass density gives total energy density of
2IH(T)with IH(T) the internal hemispherical intensity if isotropic. The expression for internal energy density
UEX(T) in equation (2) includes all such pairs present per unit volume at any instant, and theirmass density ρm,
in the energy capacity CEX(T)= dUEX(T)/dT since

( ) ( ) ( )U T I T2 Jkg K 2EX H m
1 1r= - -

The information energy capacitance CEX(T) becomes fully ‘charged’ in equilibriumwhen the T value set by
UHT(T) is stable andT is spatially invariant. In laboratory studies samples ofmoderate size can be kept atfixed,
uniformT. Samples being studied are typically in equilibriumwith their local ambient temperature TA=T1 set
by environmental heating rates dQ(TA)/dt. An additional rate dQ/dt leads to dQ(T2)/dtwith T2 thefinal steady
temperature set by dQ(T2)/dt such that dQ(T2)/dt= [dQ(T1)/dt+dQ/dt]. This distinction is important as the
study of non-equilibrium transients following a switch in dQ(T)/dt impacts the ‘charging rate’ of both energy
capacitances hence of dT(t)/dt, which vanishes in equilibrium. The change inUHT(T) between two steady states
andT values once each capacitance is fully charged becomes

Figure 2.Three adjacent occupied hybrid states formedwhen a local excitation of energy EA= hf is stimulated by a photon entering an
empty hybridmode from a ‘virtual-free’ photonmode. Conservation requires that EA=hf, so each photon-excitation pair energy is
EEX= (2hf).When a photon exits its phase η2(f) as it re-enters the adjoining stationarymode has been retarded due to its resonant
hybrid delay from η1(f) at entry, and EA relaxes to zero.
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( ) ( ) ( ) ( )C T dT U T U T 3
T

T

HT HT HT2 1
1

2

ò = -

Time series data on the values of T(t), dT(t)/dt, and dPH(T(t))/dt at time t during transients will be useful for
fine tuning the fitting of the quantum-thermalmodel parameters CHT(T(t)) andUHT(T(t)). For building and
environmental heating from solar and sky-based intensities, and for cooling rates at night, transient temperature
gradients will often be present alongwith localfluctuations. Theymay be observable if sampling timesΔt are
suitably short. The changes in information capacitance over timeΔt during ‘charging’ and ‘discharging’ of the
heat capacitance can also be expressed in terms ofΔT(t)/Δt. Since CEX[T(t)]= dUEX[T(t)]/dT(t) energy and
information capacitance charging and discharging rates are d[UEX(T(t)]/dt=CEX[T(t)]dT(t)/dt. The quantum
expressions following forUEX(T) for the energy contributed by all hybrid pairs present enables evaluation of
CEX(T) and time-averaged dT(t)/dt. In equilibriumUHT(T) andUEX(T) are fully chargedwith heat and occupied
hybrid pairs respectively. The input energyflux dQ/dt and exit flux PH(T) are still present and in balance. Since
the energy being emitted atfixedT consists entirely of quantum energyfluxes carrying information, that optical
loss of energy is being continually replaced by input dQ/dt at fixedT.We can represent the final steady state as
sketched infigure 3.

With parallel quantum energy stores the ‘sampling’ series T(Δt) and PH(Δt) taken over time intervalsΔt can
provide values of dT(t)/dt after switching to a new dQ(T)/dt. They aremodified as shown in equation (4) by the
presence of CEX(T). This relation highlights the important impact ofUEX(T) and its eventual amplification (that
we derive later), on rates of cooling during the transient period froman initial state at T1 to afinal state at T2.

[ ( ) ( )]
( )dT

dt

dQ

dt
C T C T

4
HT EX

 =
+

Cooling rates dT(t)/dt on average overnight and at specific times of day and night and in different geographic
locations are important to the environment and to the health of humans, plants, and animals [1, 21, 22]. The
impact ofUEX(T) andCEX(T) on dT/dt should be known as accurately as possible. Figure 4 provides an overview
of charging and discharging dynamics. Climatemodels need to be adjusted to account for changes in cooling and
heating rates relative towhat we had expected fromdCHT(T)/dt alone. CEX(T)has no net influence onT, except
for the time needed for T to stabilise. It has thus aided the long-term thermal stability of earth’s environments.
That stable situation has now changed due to anthropogenic heating rates as atmospheric radiation continues to
rise so that dQ(T)/dt creeps up over time and sets newhigher T values.

What appears to create themost impact is the residual store of energy each sunrise (on average overmany
mornings), due to the slower cooling rates required by equation (4). The outdoor baseline stored heat and energy
near ocean surfaces will keep rising. Near surface ocean temperature data [1] also sets radiant power loss PH(T)
but if T has not fully stabilised due to the cooling rates predicted by equation (4) the average energy retained
overnight at sunrise will keep rising. It follows that each subsequent average rise in T and dQ(T)/dtwill
accelerate themeanT values when sampled over sequences ofmany days or years.

The newmodels that we previously presented for I(f,T) and ‘free’ photon densities ρ(f,T) are repeated in
equation (5) as they contribute tomodels of UEX(T)whenmass density of their hybrid partner is included.

Figure 3.The two parallel quantum capacitances in equilibrium at temperature T have fully charged thermal capacitance. dUEX(T)/
dt= 0 as its dynamic gains fromdQ/dt are in balancewith losses fromPH(T), which transports internally gained quantum
information to be read externally.Multiple localised hybrid ground state stationarymodes are spread along each ‘free’ photon internal
mode as in the small section of onemode shown infigure 2.
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Observed external spectral intensities cited in that report were qualitatively close to thosemodelled internally,
noting also that exit spectra are now refracted, which led to internal critical angles and total internal reflectance
(TIR) for oblique internally incident angles inside still water, above of order 50°. Internal spectral densities are
now sample specific as opposed to the reliance on blackbody intensities used by Planck [23–25] tomodel
radiance exitingmatter after applying theKirchhoff rule which does not reproduce the optical transmittance of
internally incident intensities [6]. Due to TIR, hemispherical emittance, now given by τH(T), ismuch reduced
relative to Planck-Kirchhoff values as shown later, and tabulated forwater. Tomaintain the familiar historical
nomenclature, and to avoid confusion, wewill in general use εH(T) in place of τH(T),

( ) ( ) ( )
( ( ) )

( ) ( )I f T f T
x n x

x
T f T T, ,

exp 1
, 5

3 3
4 4r g k g= =

-
=

x(f,T)= hf/kT, γ= 8πk4/(c3h3)=σ(15/π4) and the spectral propertyκ(f,T) of equation (5) is an alternative and
useful spectral parameter at select T values such as 300K, as its values are unique to eachmaterial or liquid. The
termn(f)3 amplifies the retardation impacts of hybrids within freemodes following its lift in optical index to n(f)
for photons at Tmoving along thosemodes. Inmanymaterials a single set ofκ(f,T) is easily derived over awide
range of T values if optical indices n(f) are known. Forwater at atmospheric pressure new sets ofκ(f,T) spectra
based on n(f) are plotted infigure 5 and reproduce reported energy density profiles of various oscillationmodes
[26]. Indices of seawater have been reported only to 25 μm [27] so could not be used, but involve small shifts in
n(f) of distilledwater.

Remotely collected FTIR spectral intensities fromwater bodies on Earth andMars have been reported along
with related emissivity spectra on ice and snow [28, 29], withwhich our predictions on I(f,T) infigure 5 have
many common features especially where emitted photon energies peak. Structured interfaces are commonon
outdoorwater or landscape surfaces and tend towash out spectral features while retaining dominant internal
spectral features within I(f,T) (the appendix addresses this). Our I(f,T) spectra for still water given by
equation (5) however closely reproduce themolecular excitation spectra of the various oscillationmodes in
watermodelled by Brubach et al [26]which track the peaks in n(f) seenfigure 1. Published emission intensities
from silica near ambient byWenrich et al [7] and from laboratory and remote sensing studies of landscapes rich
in silicates [30, 31], plus emission intensities from glazing glass panels used in buildings near ambient, all exhibit
sharp resonant spectral intensities between 9 μmto 11 μm,which for silica are predicted accurately with
equation (5) [6, 22]with silica n(f).

The link between radiant cooling rate and stored hybrid energy
Summation ofκ(f,T) over hf and internal elementary solid angles within an arbitrary internal sphere yields the
total internal optical intensity IH(T) of equation (6). Optically derived or experimentally observed PH(T) is given
by τH(T)IH(T)with τH(T)= εH(T) the hemispherical transmittance. The parameterκ(T) introduced in
equation (6) is useful to know for the interiors of commonly studiedmaterials, especially for T values near

Figure 4.The rate of charging or discharging of both energy stores as a function of the rate of change dT(t)/dt at time t during the
period following a switch in the value of dQ(T1)/dt to a newfixed value dQ(T2)/dt. The heat store, and the information store respond
to dT(t)/dt. At T2 both capacitances are fully charged, and PH(T)= dQ(T2)/dt.
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ambient. Internal IH(T)=κ(T)γΤ4 so that

( ) ( ) ( ) ( ) ( ) ( )P T T I T T T T Wm 6H H H H
4 2t t k g= = -

This assumes themean pair energy per occupied hybrid site is 2hf. If it is less than 2hfmore occupied sites per
unit volumemust be present to achieve both IH(T) and energy

( ) ( ) ( )U T T T Jkg K2 7EX m
4 1 1k g r= - -

Aquickway to establish new εH(T) is to transformpast Kirchhoff-Planck (KP)modelfits to output power given
by PH(T)= εH,KP(T)σT

4with εH,KP(T) the hemispherical emittance first introduced by Planck, but based on the
Kirchhoff rule. The quantity εH,KP(T) arose because Planck assumed that a blackbody termwas needed as the
internal source for allmaterials to satisfy the entropy requirements of the 2nd Law. The entropy issue is
addressed again in the appendix. External heating ‘appears’ to have created a drop in entropy, but its creation of
UH(T) provides an internal heat bath at Twhich allows information creationwithout doingwork. Though it
requires T to exist, it is a non-thermal physical store of information. This appears to be contrary to classical
expectations, but it is not a paradox in amany-body quantum system. As γ/σ= 0*15399we can use pastfits to
accurate experimental studies of PH(T) tofind εH(T) using εH(T)= 6*49388[εH,KP/κ(T)]. For waterwe
calculated using equation (5) and allκ(f,T) thatκ(T)∼ 17, whichmeans at 300K εH/εH,KP∼ 0.382 so εH∼ 0.367.
Such low values of hemispherical emittance were anticipated as noted above. A table ofκ(T) and related
parameters for water follows, indicating that water’sκ(T) is lower than its value inmost solid dielectrics, which
range up to∼30.Whatwas unexpected but occurs, as wewill nowprove, is that IH(T) andUEX(T) have been
amplified, as the photons that are internally reflected by an interface within intensity ρH(T)IH(T), with ρH(T) the
internal hemispherical reflectance, generate additional hybrid pairs.

The remaining theory proves that the amplification factor is 1/εH(T) so that low values of εH(T)have high
significance, as theywill further slow cooling and heating rates by raisingUEX(T). At the same time the large
internal gain in photon and pair density has no impact on PH(T) since the gain is cancelledwhen εH(T)IH(T) is
evaluatedwhich ensures that PH(T)= dQ/dt. The full proof is as follows. Conservation of total energy and
momentum requires that ρH(T)IH(T)+τH(T)IH(T)= IH(T), or in concise form the conservation rule for total
energy andmomentumflows at the interface is

( ) ( ) ( )T T 1 8H Hr e+ =

IH(T) consists of all the ‘free’ photonsmoving in one hemispherical direction and propagatingwithin uniform
internal intensities I(f,T), whose free photons are propagating after exiting a local occupied hybrid state. The
‘free’ photons in any internal intensity resulting fromhybrid exit in equilibrium are in effect not attenuated as
any internal loss is apparent only, as it occurs when they enter a hybridmode fromwhich they eventually
remerge. The same balance occurs for photons that are internally reflected upon impact with the interface.
Temperature in equilibrium is controlled byCHT(T), so does not vary. CEX(T) however is amplified as internally
reflected photons have generated extra coupled pairs atfixedT upon entering local empty hybridmode sites
within a photonmode. The values ofUEX(T) and IH(T)when photon recycling is neglected are important and
have role to play, especially in practice at distances well away from an interface. For themUEX(T)=UEX(T)0 and

Figure 5.Modelled internal spectral intensity factorκ(f,T) at 300K and 360Kwithin still water.Normally incident internal intensities
at 300K (red) are included as they lead to normal exit intensities which are often observed. Cavity internal intensityσT4 plot is scaled
by γ/σ to distinguish it from I(f,T). Themolecular resonances within eachmode [26] are reproducedwhen transmittance of I(f,T)
cosθ* is observedwith θ* the internal angle of incidence.
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IH(T)= IH(T)0. Recycling based amplification can in principle impact to large distances from an interface but
density variations in the host or impurity content changes with depth, as occurs in seawater, can refract, scatter
or annihilate hybrid sourced photons. In thick, deep environmental bodies normal thermal diffusionwill occur
but direct pair diffusionmay be unlikely as each new local hybrid excitation has to be either photon or
temperature driven sowe expect that at depth values of UEX(T)0 and IH(T)0 will occur but be dropping as T falls
as seen in knowndata onT as a function of depth [1]. In the case of oceans, these temperature profiles are being
measured at some locations over extended time periods, so in zones well below the surface at decreasing T values
photons and pairs will be present, butwith energy densities close toUEX(T)0 if recycling impacts are absent far
down as expected.

Near surface equilibrium temperatures aremost important as they dictate radiant power loss PH(T) to the
atmosphere and to outer space[22]. The amplification of internal intensities fromphoton initial internal
recycling followed by secondary and higher order generation of hybrid pairs wewill represent by IH(T)/IH(T)0
with IH(T)0 the uniform intensity in equilibrium in the absence of photon recycling.Wewill also see that
transmittance of IH(T)0 after projection onto the interface of all I(f,T)0 from equation (5) as shown infigure 6,
also leads to the observed value of PH(T). The self-consistent relationship connecting IH(T)0 to IH(T) after
addition of ρH(T)IH(T) is

( ) ( ) ( ) ( ) ( )I T T I T I T a8H H H H0 r+ =

For the oceans the source of dQ/dt and examples of total internal intensities including those resulting from
internal reflectance are sketched infigure 6. Internal spectral intensity I(f,T) is the same in all internal directions
in optically isotropicmatter, and its transmitted intensities are refracted. Absorption of incident solar and
atmospheric radiation defines external heating rate dQ/dt. Internally reflected photons from all I(f,T) do not
add additional heat in equilibrium as just explained. Initial I(f,T)0 are uniform in all directions and in
equilibriumwe expect uniformity, even after amplification. Eventually scattering or chemical and density
defects will lead to I(f,T)0 at deeper depthswhere stablemeasured T values are the result of diffusion from
gradients in T value, plusmixing by pressure gradients, currents, and tradewinds [32]. Returning to equation (8)
and solving for IH(T) yields equation (9), once the conservation and probability rule of equation (5), written as
[1- ρH(T)]= εH(T) is applied. Then

( ) ( )
[ ( )]

( )
( )

( )I T
I T

T

I T

T1
9H

H

H

H

H

0 0

r e
=

-
=

The free photon energy density is defined by the energy density of the photon pairs as they are the source of
internal photons. From equation (9)with PH(T)= εH(T)IH(T), IH(T)0= dQ/dt and IH(T)= IH(T)0/εH(T) then

Figure 6.Examples of spectral intensities produced internally and then amplified by internally reflected photons (white). The photons
transmitted from each incident I(f,T) are refractedwhile reflectance is subject to the internal critical angle θC

* at each frequency. The
intensities I(f,T)flow in both directions and fill a hemisphere at each frequency. They experience no net attenuation unlike like those
from environmental external sources shown on the right. The (white) intensities are amplified in equilibriumdue to reflected photons
generating newhybrid pairs.
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PH(T)= IH(T)0= dQ/dt, as required externally. That is, hadwe just relied on external observation of emitted
optical intensities from a sample with uniformT to establish pair densities, the resulting energy contribution
would bemuch lower than it is whenmodified by near surface amplification. In equilibriumbalancemust exist
between the extra photons entering and leaving local hybridmodes following internal reflectance as it does for
thosemaking up IH(T)0. Key parameter values will be tabulated from thesemodels that can be extracted from
optical and thermal observations in equilibrium, alongwithmodelled capacitance values that set dT/dt and the
time needed for a new equilibrium state to emerge near surfaces. The equilibration times needed are increasing
due to ongoing increases in the atmospheric radiation intensities that impact the oceans and produce slowly
rising dQ/dt andT, especially at night and early in themorning. The acceleration in the rates that near surface T
values are increasing in the ocean can be attributed in the long term to slower cooling rates from a continuing
increase in the value of C(T)magnified by gains inCEX(T) fromphoton recycling.

The amount of quantum information stored in equilibrium is governed byUEX(T), as defined by the store of
many pairs of photons coupled atmany sites in volumeV tomatter excitations. The time spent by each photon
and itsmatter excitation partner at each hybrid site depends on the value of the strength of hybridisation given
VMIX(hf)VMIX

*(hf). LabellingUEX
*(T) as the hidden energy content in units of Jkg−1K−1 we haveUEX

*(T)=
(UEX(T)-UEX(T)0). SettingUEX(T)/2ρm= IH(T) inwhichUEX(T)0 and IH(T)0 are both amplified by 1/εH(T),
means there are no external observable impacts ofUEX

*(T) in equilibrium. Thatmeans the equilibriumdata that
can bemodelled using values of n(f), c/n(f), T and PH(T) does not include the internal amplification needed to
modelUEX(T). So amplification has nomeasurable external impact in equilibrium. It does however have an
important influence during non-equilibriumperiodswhere the time series dT(t)/dt due toC(T(t)) at times t
when applying equation (4) after a new dQ(T)/dt value has been switched on.During the transient period
capacitances CHT[T(t)] andCEX[T(t)] are partially chargedwhile dT(t)/dt and PH[T(t)] are varying. Thatmeans
there are two sets of time series data that can be observed and used to test these capacitancemodels, especially the
modelled equilibrium values of CEX(T).

A table follows for themodel’s parameters for still water. It includes values forUEX(T)0, and the fully charged
UEX(T) value including its amplification. In place of a direct comparison ofUEX(T) toUHT(T), we compare heat
capacitanceCHT(T)with the pair capacitance CEX(T). Heat capacitance and associated specific heat data, feature
inmanywell-established databases of thermal properties. Relevant data on solidswas acquired in our laboratory,
with a special FTIR optical set-upwith a goniometer. Though unsuited to usewithwater that systemproduced
external reflectance values of total emission from solids which led toKP values of emittance at that time, and for
some samples 2-d colourmaps of intensity versus direction andwavelength. Results on nanostructured surfaces
acquiredwith that systemhave been published and are of interest to specific applications [33, 34]. At that time
the Planck-Kirchhoff formulation using the spectral algorithm involving blackbody spectral weighting for each
exit intensity was applied. Such emissivity values can now also be scaledwithκ(f,T) tofind ε(f,T) then εH(T)
usingκ(T).We did that for the scaledwater results in table 1 based on summation ofκ(f,T) to establishκ(T).
External intensities can be found using internal spectral transmittance acting on I(f,T)cosθ*with I(f,T)=
κ(f,T)γT4 of equation (5).κ(f,T)wasmodelled forwater, using its n(f) values with equation (5).We also used
hemispherical intensity data acquired by Sasaki et al [35] and ourmodelledκ(T) values with equations (2) and
(6) at 300K to test themodel’s optical predictions. For the tabulated pair energy capacitance, we used the
expressionCEX(T)= dUEX(T)/dT in the sequence given in equations (10) and (11) that starts withCEX(T)0. For
CHT(T) published values at 300Kwere taken fromalready cited papers and databases.

Table 1.The parameters that define
stored energy and stored quantum
informationwithinwater in thermal
equilibrium at 300K. Each energy
capacitance is in units of Jkg−1K−1.

Properties at 300K Water

κ(T) 17

εH,KP 0.95

τH or εH 0.363

Amplification factor 1/εH 2.76

CEX(T)0 3,210

CHT(T) 4,200

CEX(T) 8,850

C(T)=CHT(T)+CEX(T) 13,050

CEX(T)/CHT(T) 2.10

Mass density kgm−3 998
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Heat and information capacitance values each include themass density of samplematerial. dκ(T)/dT in
equation (10) changes slowly as T varies near ambient so for changes in temperature near 300Kwe set
dκ(T)/dT= 0 and the T4 termdominates. The values in table 1 thus arose fromCEX(T)0= dUEX(T)0/dT=
8ρmκ(T)γΤ

3 andCEX(T)=CEX(T)0/εH(T). The heat capacitance CHT(T) at 300Kuses existing experimental
specific heat andmass density. The free photon energy capacitance is present but not included as it is∼10−3

times CEX(T)0.

Results and conclusions

Figure 6 details the energyfluxes and stored energy with IH(T)0 found by fittingmeasured PH(T)= εH(T)IH(T)0
using knownn(f) tofixκ(T) so that εH(T)= 6*49388[εH,KP/κ(T)] frompastfitted values of εH,KP(T). The IH(T)
infigure 7(b) arises from the internal photon intensity (in green)which includes the consequences of the
feedback of photons given by ρH(T)IH(T). A large gain inCEX(T) andUEX(T) results as exemplified in table 1.
These gains apply only toCEX(T) andUEX(T), as CHT(T) is not affected by the recycling of photons in
equilibrium. The existence of an internalmany-body-energy termmade up of hybrid pairs, enabled us to explain
the presence of quantum information onmatter excitations being carried by emitted photons at each energy hf.
The total emitted intensity PH(T) atfixed heating rate carries that information despite the preservation of the
identity PH(T)= dQ(T)/dt. The parameter values in table 1 relied on the need tomaintain consistency of
observed optical intensities and those based on electromagneticmodels with the predictions of the fluxes in
parallel internal and externalmodes. The surface reaction potentials sketched infigures 7(a) and (b) are present
in theHamiltonian and are implicit in the use of optical reflectance and transmittance to establish transmittance
and reflectance of I(f,T) and IH(T) at the interface.

The physical description of table 1 parameters
κ(T), the sumof internal ‘free’ photon spectral densities in equilibrium
CEX(T)0, the energy capacitance fromhybrid pairs derived fromPH(T) data

Figure 7. Internal hemispherical optical intensities and the energy densities from the localised exchange-coupled pairs that supply
internal ‘free’ intensities. (a)neglect of photon recycling (b)with photon recycling. They can be derived from experimental values of
dQ/dt or PH(T) ormodelled separately starting from local hybrid sites permodewhen occupied atfinite T. Vertical dashed lines
define the interface locationwhere a reaction potential V(f) (orange) acts on incident photons, some ofwhich tunnel through, others
are recycled. CHT(T) is present but not shown.
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CHT(T), themeasured and theoretical heat capacitance defined by dUH(T)/dT
CEX(T) the amplified energy capacitance CEX(T)0 /εH(T) after internal reflectance
dUEX(T)0/dT=CEX(T)0= 8γT3κ(T) andCEX(T)= 8γT3κ(T)/εH
The equilibrium ‘hidden’ energyUEX

*(T) and its ‘hidden’ quantum information cannot be observed or
evaluated fromobserved external loss rates PH(T), but can be calculated fromoptical data using equation (12)
plus the amplification factor defined in equation (9)

( ) ( ) [ ( ) ( ) ]
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The ‘hidden’ energy is thus a significantmultiple ofUEX(T)0 in table 1. The amplification factors 1/εH(T) for
water in table 1 is of order 2.7. Thesemodels predict amplification is higher inmost dielectric solids.Minor
corrections to our gain valuesmay be needed as the full range of indices n(f)were not always available. εHderived
frompast experimental values of εH,KP(T) at T near ambient should be reliable ifκ(T) is accurate, and can also be
cross- checked against values of εH found by othermethods [34].

Hybrid, localised quantum states formed between extendedwaves and localmattermodes are playing an
important role in these quantum thermodynamic systems by allowing information creation to occurwithin
heatedmatter. That store of information adds considerable energy capacitance to the capacitance evaluated
from specific heat and it occurs across awide range of temperatures. Future research should include novel
experiments and theory to explore and test themodels introduced in this paper in terms of their impact on the
values of the extra energy capacitance. Studies of the role of sample size, shape and interface structures are
needed to refine and expand themodels this paper has introduced. Our currentmodels for the thermal
responses of built and natural outdoor systems irradiated by solar energy during the day and atmospheric
radiation for 24 hmay need refining. For buildings roofs, walls, andwindows estimates of T, d[T(t)]/dt and
stored energy can be refined for improved comfort, less use of supplied energy, and better human, plant and
animal health in awarming climate. The reduced rate of cooling overnight from the large increase in near-
surface energy capacitancewe propose is the source of accelerating temperatures in our oceans. The impact of
ongoing rises in greenhouse gas densities in our atmosphere plus the amplification of CEX(T) by internal photon
recycling by ocean surfaces need inclusion in climatemodels.
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Appendix

The absence of heat generation by internally generated photons
It is usual to assume that photonsmaking up optical intensities within absorbingmatter are nearly all
annihilated after travelling distances d*(f) of a fewmean-free-paths permodewhere 〈d*(f)〉= 1/α(f) andα(f) is
the absorption coefficient permode. That applies to intensities from external optical sources. Intensities sourced
and produced internally consist of photon fluxeswithinmultiple parallelmodes at energy hf and can be
extracted from external optical data acquiredwith spectrophotometers or indices foundwith ellipsometers. At
finite T the ‘free’ photonmodes and intensities I(f,T) generated internally whenmodes are occupied, have
undergonemany phase shifts due to photon delay at hybrid sites while coupled to localmatter excitations. The
delay introduced by the hybridising potentials VMIX(hf) in each directionmodifies the stationarywave formed
from each ‘free’mode forwaves in opposite direction. In equilibrium any loss as heat would need to be
compensated by a loss of an existingCHT(T) excitation and an addition of a newCEX(T) pair so the time-
averaged densities of hybrid pairs and photons remains in balance. Photons entering a hybrid site are not lost as
discussed as they remerge so that those between hybrid sites and those at hybrid sites are in dynamic balance.

With 〈d(f)〉= 1/α(f) [6] for photons incident externally that generate a stable value of heating rate dQ(T)/dt
in equilibrium, solar heating of outdoor surfaces results. Internal energy density nowhas two components, the
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thermally excitedmultiple single quanta that are excited by dQ/dt and charge CHT(T), and themany sets of
paired quanta that exist at T and charge CEX(T), which generates the internal photons that occupy each I(f,T)
that can be projected obliquely onto the exit interface. Oblique internal reflectance and external transmittance
(whichwe previously called emissivity) are sensitive to polarisation, whichmeans the gain from formation of
additional hybrid sites induced by reflected photons is also polarisation dependent.

Surface profiles and emittance
The differences between εH(T) the newhemispherical transmittance and ρH(T) are influenced by surface
structure, whether by its contours, porosity, or nanostructure. The ratio of ρH(T) to εH(T) has a strong influence
on the amplification of information energy capacitance in the vicinity of the interface to depthswhere thefirst
generations of hybrid pairs continue to formwithout optical loss. That will in practice changewhen any non-
uniformity exists whether fromdefects, impurities or host density variationswhich induce losses by scattering
and absorption.Momentum conservation is now included in thesemodels and is different for each different
surface profile but is present in all ρH(T). Its impacts internally and externally on emitted intensities can be
modelled or simulated formany exit profiles. In general, any surface that reduces ρH(T), will also raise εH(T) and
reduce IH(T) andCEX(T). A porous or rough interface will do this.

Entropy S(T)
Entropyflux S(T)EX relates to probabilities that hybrid sites at different energies will be occupied at Twhich is set
by their distribution among available hybrid ground states at each energy 2hf and temperature T.No external
work is done by the internal quantum engines that transform external heating rate dQ/dt into internal optical
intensities carrying quantum information on thosematter excitations that photons couple to at hybrid sites. The
stored heat inUHT(T) could in principle be used to do some external work but if that happened equilibrium
UEX(T), UHT(T) andTwould all fall but informationwithin the reducedUEX(T)would still be present. The
excited hybrid pairs are non-thermal quanta, carrying information, and the ‘free’ photons they internally emit
are not sourced from the thermal store. Ceasing the practice of ‘labelling’ of exit intensities with thewords
‘thermal’ or ‘thermal radiation’might aid the understanding of what this ‘energy’ represents. Information
bearing radiation reinforces the observed reality that PH(T) is transporting quantum information on those
matter excitations that resonantly co-exist with photons at sites where hybridmodes exist.

ΔU(T)whenT is changed in steps remains associatedwithΔS(T)=ΔU(T)/T. Energy is however flowing
into and out of the non-thermal energy store at equal rates isothermally in equilibrium as infigures 3 and 4,
whenUHT(T) is in a fully charged state. Thismeans there is no net change to entropywhen themultiple two-
body quanta present atfinite T internally emit those photonswhich escape as external energyflows. These
energy and information creation issues are not covered by the Landauer postulate applied to information
generated by computer circuits, nor by invokingMaxwell demons of quantumparticles embeddedwithin an
internal thermal environment which have been briefly addressed [36]. Collections ofmany-body local hybrid
excitations enable photons residing at each site during resonance to ‘pick-up’ quantum information on its
matter partner. Upon internal exit as a ‘modulated’ photon, it can either be internally recycled or contribute to
PH(T). The net result for entropy change from input of dQ/dt to output of PH(T) is thatΔS(T)= 0 and the full
cycle is reversible. In terms of the 2nd Law this information only ‘appears’ to be produced by external heating. It
exists whenever T isfinite and that is provided by its internal environment and set byUHT(T).

These transformations fromdQ/dt to an exit flux of information are allowed by the 2nd Law. This seemed to
be a paradox for classical thermodynamics, but in thismany-body quantum system it is allowed. It is alsoworth
noting that the ‘classical’ arrow of time no longer exists in these transformations. Time is however now central
with the new focus on dual capacitances in general, and to better understanding of why our oceans are getting
hotter at ever faster rates. Time and energy together are central to a full understanding of quantum
thermodynamic systems. The excitations in only one of our two energy capacitances display afinite range of
lifetimeswith amean [6], as those thatmake upCEX(T) are not annihilated inside pure, defect freematter.

FTIR instruments used in studies of emitted spectral intensities
Wehave set up two types of instruments in our laboratory and applied them to studies of emitted spectral
intensities fromheated samples at a range of controlled T values and surface structures, over an almost full range
of emission directions θ, for two polarisations. Thefirst set-up usedwas in effect a thermal radiation directional
emissometer*αA later approach [34, 37] used a different goniometer arrangement onwhichwasmounted a
heated sample. Data analysis described and tabulated in those reports includes direct colourmaps of emitted and
externally reflected spectral intensity as a function of direction and polarisation. The reflected intensities were
used at that time [34], tofind theKirchhoff-Planck hemispherical emittance. This FTIR instrumentationwas
able to supply a full set of I(λ,Τ) intensities emitted acrossmost of the exit hemisphere fromheated planar solids

12

J. Phys. Commun. 8 (2024) 115002 GBSmith



and coatings with smooth and roughened interfaces. These instruments cannot however supply data for water so
for it published, remotely sensed FTIR spectrawere relied on to validate our predicted output spectral
intensities. Transient temperature optical and thermal data over various time scales will be needed to observe the
impacts of the internal energy component that is ‘hidden’ in equilibrium.

Heat build-up in landscapes
Modification of heating and cooling rates of landscapes and oceans by rising CEX(T) values are expected. Both
will influence climate responses over time. Silica bonding is abundant in landscapes andmany remotely sensed
optical spectral intensities I(λ,T) at infra-redwavelengths can bemodelledwith eqn.[4] using the observed
refractive indexwavelength profile for silica and silicon dioxide [7, 9]. Extending the hybrid pairmodels used to
define the energy stored inwater to storage in silica at 300K led to its εH(T)= 0.157, for a near surface optical
amplification factor of∼6.4 soCEX(T)= 38,800. Silica’s CHT(T)= 750 is less than the heat capacity of water by a
factor of 5.6. Convective cooling bywinds and evaporative cooling also influence environmental heating and
cooling rates, and dT/dt. Landscapematerials are diverse but based on silica studies we expect that the rate they
store energy will also accelerate andwill continue to do sowhile atmospheric intensities continue to rise.
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