Ann. Geophys., 24, 1623637 2006 ~ "*
www.ann-geophys.net/24/1625/2006/ G Ann_ales
© European Geosciences Union 2006 Geophysicae

Modeling the behavior of hot oxygen ions

M. D. Zettergren®, W. L. Oliver 1, P.-L. Blelly?, and D. Alcayde?

1Boston University, Massachusetts, USA
2L PCE-CNRS, Otans, France
3CESR-CNRS-UPS, Toulouse, France

Received: 16 November 2005 — Revised: 24 March 2006 — Accepted: 13 April 2006 — Published: 3 July 2006

Abstract. Photochemical processes in the upper atmospher&Vhile there are alternative explanations to Hedin’s conclu-
are known to create significant amounts of energetic oxygersion of a population of hot OKating et al. 1997, there is
atoms or “hot O”. In this research we simulate the effectsalso radar and optical evidence to support the existence of hot
of ionized hot oxygen, hot ©, on the ionosphere. We find O. Oliver (1997 analyzed radar data and concluded that an
that hot O is not able to maintain a temperature substan-unknown heat source for the ions, such as hot O, is needed to
tially above the ambient ion temperature at most altitudesgexplain the observed ion temperature. Optical observations
the exception being around the F-region ion density peakmade byHernandeZ1971) show a broadened oxygen spec-
However, the thermalization of hot'Qdue to Coulomb col-  trum, indicating the presence a high-temperature population
lisions, represents an important heating process for the ambif oxygen. Most work estimates the effective temperature
ent ions. A time-dependent, fluid-kinetic model of the iono- of hot O to be in the range of 40006000 K, and the con-
sphere (TRANSCAR) is used to self-consistently simulatecentration to be about.0%—1% of the cold O density at
hot OF by considering it to be a separate species from ® 400 km altitude, Rohrbaugh and Nisbgt973 Shematovich
Maxwellian neutral hot O population having characteristicset al, 1994 Oliver, 1997 Litvin and Oliver, 2000. The
consistent with current knowledge is added to TRANSCAR. profile shape of the hot O density has not been determined
The production of the hot ©is then computed by consid- conclusively; hot O could form a layer shapggotton et al.
ering ion charge exchange with the neutral hot O population1993 Schoendorf et al.2000, it could approximate diffu-
that we have assumed. Loss of hot @sults from these sive equilibrium Qliver, 1997, or it could form some other
charge exchange reactions and from reactions with molecutype of exponential shap&ée et al, 1980 Shematovich et
lar atoms. al, 1999. Research has shown that hot O can be produced
in numerous reactiondRfchards et al.1994 Hickey et al,
1995 and can have a potentially large effect on the energy
dynamics of the ionospher®liver, 1997 Alcaydé et al,
2001). Hot O ionizes in the same ways as thermal oxygen:
via photoionization and charge exchange chemistry. Airglow
observations have confirmed the fact that hdt €n exist
1 Introduction at least long enough to undergo radiative decay and emission
(Yee et al, 1980. However, the production, loss, and heating

It has been observed that the ion temperature in the i0NOgtfects of hot O have not yet been investigated in any detall,
sphere significantly exceeds what theoretical (:allculatlon%%pite this evidence that supports its existence.

say the temperature should b&liyer and Glotfelty 1996 The purpose of our work is to make a first attempt to char-

Oliver and Schoendari999. A neglected heat source could acterize hot O behavior and its effects on the Upper atmo-
account for this difference. This fact led researchers to pro- : o pp
pose the existence of a non-thermal population of Oxygensphere. We want to establish two main things. First, can hot

' | popule . L : e -
stoms, lnownas ot O There s consderamueugence | 15U HOCeB drstes Socond cainan
for the existence of hot CHedin 1989 Cotton et al.1993. . perat 9 y

ion temperature, or does it cool to the same temperature? We

Correspondence tdyl. Zettergren approach this goal in two ways. First we present a simpli-
(mattz@bu.edu) fied analysis of the density and temperature of hot Dhen
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1626 M. Zettergren et al.: Modeling hot oxygen ions

Table 1. TRANSCAR chemistry model for hot ©and the associated reactions ratgsandk] are taken fronStancil et al(1999; k3 and
k4 are taken fronDiloy et al. (1996. We have assumed thiai=k1 since there are no available reaction rates 6@ charge exchange.

Ry H* +Opot =% Of +H ky=1.29x 10~9%~227/T (T /100009517
14.25x10~10 (7/100006-69x 10~
k/
(R)  Ofgy+H —5 HY + Opot k;=2.08x 109 (7,/10000 %405
+1.11x10-11 (7 /10000 —0-458
k
(R2)  OF 4 Opot —> Off + O ko=ky
k/
(Ry) O ;+0 2 Opot+OF ky=k}
k
(Ry) Of+0, —>0F +0 k3=2.82x 10711 — 7.74x10~12 (1/300)
+1.073x10712(7/3002
—5.17x10"14(1/3003
+9.65x10716(7/300% (300<T <6000
Ry Of +Ny =4 NO+ + 0 k4=1533x10712 — 5.92x10~13 (/300
+8.6x10 14 (7/3002 (300<T <1700
=2.73x10712 — 1.155x 10712 (7/300
+1.483x 10713 (7/3002 (1700<T <6000

we present a numerical simulation in which we integrate aHere D(z) is the diffusion coefficientH; is the scale height
hypothesized hot O population into the ionospheric modelfors=0h+0t, kp is Boltzmann'’s constanfy is the temperature
TRANSCAR @lelly et al,, 1996h Diloy et al, 1996 Blelly  for speciess=0y,, vs; is the collision frequency between
et al, 19963, and self-consistently model a hottopula-  speciess and specieg, m; is the mass of specias andg

tion produced from the hot O. is the acceleration of gravity. The collision frequency that
we are concerned with in this approximation is that of the
dominant collision process involving hot™Qcollisions with

O™. With these considerations the hot Gayer density peak
occurs where the chemical and diffusion time constants are
equal.

2 Approximation of hot O profile shape

We propose that, in the steady-state, hdt forms a layer
dominated by chemistry at lower altitudes and by diffusion at

higher altitudes. A layer of this type has maximum density 4 m"gTv(Z)
where the chemical loss time constant equals the diffusionz kiny:(2) = ——= )
time constantRishbeth and Garriptl969. The chemical =1 (’%)

reactions that we consider for hotGare shown in Tablé. _ i .
The loss processes for hot'Care the “primed” reactions, For_c_omputanon we adopt profiles for neutral densrgles and
R1—-R4. The chemical loss time constant for these reactions,(’fon's'On f_requenue; from our TRANSCAR control smula—
g1, is given by: tion. In this control simulation we use TRANSCAR to simu-
late the ionosphere without hot O or hot hcluded. Using
4 -1 T,=4000K the peak of the layer occurszgj~840 km.

[B)] 1= [Z kinys (z):| (1) It is assumed that there is zero flux divergence at the hot

i=1 ’ O™ density peak, and we consider only chemical sources on
hot O". Under these assumptions the density is given by the
ratio of the production rate of hotOto the loss frequency

of hot Of, evaluated at the peak altitudgy.

k; is the reaction constant for reactiot, Rndn y/(z) is the

number density of the neutral reactant of reactignaR a
function of altitudez. The diffusion time constant is given

by Rishbeth and GarridtL969: q(zpr)  [kanms @pr) + konot (2pk) ] 02 pk) @
(kaS) B(zpi) Z?:lk,{an!(Zpk)
H; — A8 ) k1 is the reaction constant for reaction Bf Table 1, and
D(z) kp T ko is the reaction constant for reaction.ROur simulations

mgVsj (2)
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of hot O™ show that the assumption of zero flux divergence

1627

the major ions,j;=0" at lower altitudes angb=H™ at high

at the peak is accurate and that photoionization can also baltitudes:

ignored. Again using values from the control simulation of
TRANSCAR for the O density and assuming hot O to be
in diffusive equilibrium with a reference density of 1% of
O density at 400 km, we find the hot'Qpeak density to be
ns(zpk)~5.62x 101°m=3. Below this peak the hot ©den-
sity drops off with altitude as a result of increasingly rapid
loss chemistry. Far above the hot (eak, collisions, and

thus chemical reactions, become scarce and diffusion domiZs (t) = C1 + (T5(t9) — C1) eV (110

nates.

3 Approximation of hot O+ temperature behavior

To analyze the behavior of the hotfQemperature, we first
consider the case where a sample population of hotiO
injected into the ionosphere and allowed to “relax” and ther-
malize down to the temperature of the ambient ions.

The 1-D equation describing the evolution of the hdt O
temperature with time is given [Blelly et al. (19960:

0Ty 0Ty 2 10Aqg; 8T,
kp— kp— + —— =kp,—
Yo T e AT T
2
+3 (Ls - QY) (5)
g
8Ty 2 mgVvgj j 2
— == —— | 3(T; — T, — — U,
St 3 ; ms+mj ( J A)+ kp (uj MA)
ST\ *
— ) . 6
(%) ©)

For the case of the hot Otemperature=0}} , z is the inde-
pendent spatial variable (distance along magnetic field line)
t is the independent time variable, aAds the cross section
area of the magnetic flux tube as a functiorxof.; and Q;

are energy loss and source rates, respectivéi;./é1)* is a

aT,

N

ot

T

32 32
=—\vsip + 1_7VSJ'2 Ty +vsjy Tjy + 1_7"5./2 e (8)
If the collision frequencies and temperatures vary slowly
with time as compared to the hottGemperature, then the

solution of this equation is:

)
32
V/ — ij]_ —+ 1_7ij2 (10)
1 32
= <”S11Tj1 + 1_7‘)szsz> . (11)

From the solution foff; it can be seen thaf (co)=C1. For
most altitudes the ® and H" temperatures will be almost
the same so the approximatidi, =T;,=T; is appropriate.
Inserting these values far; yields:

T,(c0) = T; (12)

This leads us to predict that hottGhermalizes to the am-
bient ion temperaturdl; with an approximate time constant
of 1/v/, as seen from the solution f@;. Using our con-

trol simulation to get representative values for the collision
frequencies involved in these calculations, we obtain a value
for the decay time constamt=1/v’ as a function of height.

A plot of this time constant is shown in Fid.along with a
plot of the time constant found from our simulation of hot
O™, which is discussed in detail later. As expected the time
constant increases with altitude as collisions become increas-
ingly infrequent.

' The energy source§T/8t)*, needs to be considered for
determining the steady-state equilibrium temperature of hot
O™. (8T, /61)* represents the energy released into the hot O
medium during its production, given by:

source term, explained later, that includes energy input due

to production processes. For our simplified calculations we

assume thaP,=L;=0 and(8§7;/5t)*=0.

We make a few approximations in order to solve Ej. (
All drift velocities and the hot @ heat flow are assumed
to be zero so that transport of energy becomes unimportan

This enables us to consider the temperature at a given alti¢hange due to production 60y

8T

* Py (To,,, — T,
() = "o (13
3t
Here P; represents the total production rate per unit volume
pf hot O". Intuitively, (§7;/81)* is the rate of temperature

. The main reactions

ng

tude to be independent of the temperature at other altitudedhat produce hot O are charge exchange reactions involv-

and to approximate how the hottQemperature behaves as a
function of time. With these approximations and noting that
s:Of{ot, the temperature equation becomes:

2

J

2

3

oT,
ar

1 61{; j

m3(n -Tj) .

(7)

ing neutral hot O, in which neutral hot O loses an electron
to become hot ©. At the instant of creation, a hot"Oion

has kinetic energy similar to that of the neutral hot O atom
from which it is produced. The fluid description of ions that

is used by TRANSCAR does not track individual particle en-
ergy, but, rather the average energy and temperature of each
ion species population. Any hot'Oproduced by charge ex-

There is an equation of this form for the temperature at eaclthange is assumed to have the temperature of the rest of the
altitude. Since Coulomb collisions dominate the dynamicspopulation at the time of creation. To model the fact that the
of the F-region, the summation can be reduced to a sum ovemewly created hot © has energy comparable to that of its

www.ann-geophys.net/24/1625/2006/
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Average time constant for thermalization of hot O*
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Fig. 1. Comparison of calculated and simulated thermalization time constants forthdTl@ chemical time constant (E).is also shown
for comparison.

parent, hot O atom and not the same energy as the “old” hovalue for(§ E;/81)* into Eq. (L4) yields Eq. (3). The inclu-
O™, the energy source of EdqLY) is needed. sion of a heat source due to chemical creat{®, /5¢)*, can
The expression fo@ 7 /8t)* is derived by considering the be applied to ions other than hot™Qas well. However, as

energy exchange between neutral hot O and hotd@ring
production processes involving these speciég,/5¢)* can
be expressed in the following form:

5Ty \* 2 (SE\" Ty (dns\*
°hs ) < _ (2 (14)
ot 3kpng \ Ot ng \ &t
(8ng/81)*, the density change due to productionAs By
definition:

SE\* )
) = / % f3e, (15)
8t —oo Ot

8g/8t is the rate of energy released into the hdt @edium

due to production ands is the random velocity of the gas.
If we assume that all energy is released at the same lev

3/2 kp To,,,, then this expression becomes:

SE,\* 3 ST AN
= —kp T — ) d
( St > 2" O“"‘/Oo(at .

3
= EkaOhOtPS . (16)

This expression assumes that a newly created Hob® in-

seen from Eq.X3), this source term is significant only when
the ion and its parent have a large temperature difference.

If the (§T;/8t)* heat source is included, then the temper-
ature equation can be solved for the steady state equilibrium
temperature by setting /0¢=0:

32 . P
Vsjs Tjy + 15Vsj2Tjo + 517 Tone

Py

17)
Vsjp T %Vsz + o

Ts,eq =

T;,¢q is now a weighted sum of the ion and hot O tempera-
tures. In regimes where the production of hat 8 large rel-

e:11tive to its density, the equilibrium temperature is higher than

T;. However, at altitudes where the production is relatively
low, this heat source can be ignored and the temperature of
hot O™ is equal to that of the other ions. Our simulations
will answer the question of at what altitud®s/n; is large

and the temperature of hottQemains elevated, and at what
altitudes this heating effect is insignificant and the hdt O
thermalizes. It should also be noted that if E8).i6 solved

with the (7 /8¢)* term from Eqg. {3) included, then the so-

herits the kinetic energy of its parent atom. Substituting thislution retains the form of Eq9j with T; (c0)=C1=Tj ¢,.

Ann. Geophys., 24, 1623637, 2006
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TRANSCAR MSIS90 neutral density; Lat=45.0, TRANSCAR neutral temperature; Lat=45.0,
Lon=0.0, LT=12.2 hrs, 0.99 pct "o /nO at 400km Lon=0.0, LT=12.2 hrs, 0.99 pct "o /no at 400km
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Fig. 2. The neutral atmosphere from TRANSCAR. is the number density for speciesTo,, is the hot O temperature affieytralis the
other neutral particle temperatures from the MSIS model.

4 Numerical modeling resents thermal, or cold O, with a pronounced high-energy
tail that represents hot O. We have chosen to break apart the

The computer simulation that we use to model the effectsoxygen distribution function into ambient oxygen and hot O
of hot O on the ionosphere and the behavior of hdt i© and model them as separate species with different distribu-
TRANSCAR (described irBlelly et al, 1996). TRAN- tion functions.
SCAR is a time-dependent, 8-moment fluid model of the Inthis paper, we perform 3 simulations with TRANSCAR.
ionosphere that solves for the density, drift velocity ug, One simulation is a control and does not include hot O or
temperaturely, and heat flowy, for 6 different ion species hot O. The second simulation includes just neutral hot O.
(s=0%*, H*, N*, N, NO*, and Q). TRANSCAR com-  The third includes both hot O and hot"O All simulations
putes a numerical solution to the conservation equations foere done during the month of October, for a latitude df,45
each of these moments in 1-D, along the geomagnetic fieldf107=187, andk ,=0.
lines.

TRANSCAR assumes the distribution function of the
gases that it models to bg a(_jquately de_scribed with 8_m05 Simulation with neutral hot O
ments. An 8-moment distribution function can describe
gases that are somewhat r_lon—_Maxwelllan through the hea\PVe adopt a diffusive equilibrium density profile for the neu-
flow vector, but a gas that is highly non-Maxwellian, such

: tral hot O.

as a mixture of hot and cold oxygen, cannot be adequately
accounted for in a 8-moment model. In the case of oxygen, (e—20)
the distribution function has a Maxwellian center that rep- n(z) = n(zg)e 7@ (18)

www.ann-geophys.net/24/1625/2006/ Ann. Geophys., 24, 182522006
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TRANSCAR Modeled Effects of a Hot O and Hot O* Population on the lonosphere.

Lat=45.0, Lon=0.0, LT=12.2 hrs, 0.99 pct n, /nO at 400km

Hot
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Fig. 3. Comparison of temperatures calculated by TRANSCAR for 3 different simulations: control sim., sim. with hot O, and sim. with hot
O and hot J". TneutraliS the cold neutral temperaturEg+ is the OF temperature, and, is the electron temperature.

where lost due to the relatively high collision frequency of the ion
kyT with the cooler neutral species. At higher altitudes hot O
H(z) = (19) becomes the most common neutral species, and, thus, has a

mg @) ) . more significant effect on the ion temperatuidcaydeé et al,

The reference density,(zo) is taken to be 1% of the cold O 2007). At these altitudes ion collisions with hot O atoms are
density atzo=400 km: more frequent than with any other neutral species. Thus, en-
110pe (400 km) = 0.01 - no(400 km) (20) ergy imparted to the ions is not lost as quickly via .coIIision.s

with the cooler neutrals. The result is that, at higher alti-
The temperature for hot O is chosen to be 4000K at all alti-tudes, the ions are hotter by abeuB00 K in the simulation
tudes. with hot O than they are in the control simulation.

Other neutral species are obtained by TRANSCAR from  These simulations exhibit the non-monotonic electron
the MSIS modelitledin 1991). The high temperature of hot  temperature profile that is characteristic of solar max. This
O gives it a large scale height and causes it to become projecrease in electron temperature near the F-region peak is
gressively more important than ambient O at higher altitudesg result of the very high electron density there during solar
An example of the neutral atmosphere calculated in TRAN-max. Since the electron temperature is inversely related to
SCAR is shown in Fig2. Hot O affects the ions via colli-  density Rishbeth and Garrip.969, this causes the temper-
sions. These collision terms are added into the momentumatyre profile to “dip” at altitudes where the electron density
energy, and heat flow equations for all ions in TRANSCAR. s extremely high.

When we run TRANSCAR with the hot O in the simula-
tion, the most pronounced effect is on the ion temperature.

Figure3 shows that even the trace amount (1% at 400 km) of6  Simulation of hot Ot

hot O included in the simulation has significant effect on the

ion temperature, especially at high altitudes. At lower alti- In order to self-consistently model hot™Q we now alter
tudes, hot O is present only in small concentrations relativeTRANSCAR to solve its continuity, momentum, energy and
to the cooler neutral species densities (Rjgso any energy  heat flow equations. Hot Ois produced from hot O as a re-
imparted to an ion by a collision with a hot O atom is quickly sult of photoionization and charge exchange chemistry. The

Ann. Geophys., 24, 1623637 2006 www.ann-geophys.net/24/1625/2006/
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lon Densities from TRANSCAR with Hot O and Hot O+ added
Lat=45.0, Lon=0.0, LT=12.0 hrs, 0.99 pct " /no at 400km
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Fig. 4. lon densities:; and temperatureg as simulated in TRANSCAR. This simulation includes our self-consistently modeled population

of hot OF.
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Steady-State (noon LT) Heating and Cooling Rates for O
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Fig. 5. Ot noontime heating rates due to collisions with hot O, hdt,@nd €. The total steady-state cooling rate (from collisions with
neutral atoms) is equal to the total heating rate shown above.

chemical model that we use to describe hdt i® shown in A sample plot of the output from TRANSCAR for the sim-
Tablel. Reactions Rand R represent sources of hottO  ulation including hot @ is shown in Fig4. As expected the
and reactions R-R; represent losses. Our simulations show ambient ion population does have a large effect on the en-
that charge exchange production reactions represent a muargy dynamics of hot ®. In fact, the ambient ions cause
larger portion of the overall production rate for hot @an  the hot O to thermalize to the ambient ion temperature
does photoionization. This is not surprising since the ionizedat most altitudes, the exception being around the F-region
reactants for the charge exchange reactiorisa@d H", are  density peak (see Figl). Here ion-ion collision frequen-
the dominant ions at the F-region peak and topside altitudesgies are the greatest, but production of hdt S also large.
respectively. Also, the ionization potentials for O and H are The high production rate results in a net heat input, via the
similar and allow for very fast charge exchange. source of Eq.13), into the population and an elevated tem-
-~ ] perature at the F-region peak. HotrGorms a layer with
In addition to the production and loss effects of hot @n a peak density of (z ,)~7.46x 1019m~23 at an altitude of

the continuity equations, hot Oaffects (and is affected by) , , ~940km. These simulated values are reasonably close to
other ions through collisions. The terms describing these colihe values predicted in section 2, (z )~5.62x 1019m-3
lisions are now added to the appropriate equations, in mucr&ndzpkggdro km. According to the simulation, hot'Che-

the same manner as were the terms for hot O. The collisiogmes the major ion at altitudes of 1000k2000 km. How-
cross sections for ion-ion interactions are larger than thoseever, at these altitudes the temperature of hbti©essen-

of ion-neutral interactions, since the potential for Coulombtia"y equal to that of . Thus, the two species are indistin-
interaction (ion-ion) is larger than that for Maxwell molecule guishable in this altitude regime.

interactions (ion-neutral). From these considerations, we

predict that hot @ likely has a significant effect on the am-  Hot O" does not maintain a temperature above that of the
bient ion temperature due to frequent collisions. However,rest of the ion population at most altitudes, instead thermal-
the collisional heat exchange process is two-way. The ambiizing to the ambient ion temperature quickly. This result was
ent ions also have an equally significant heating effect on hopredicted earlier using an approximate analytic solution to
Oo™. the temperature equation for hot O From our simulation

Ann. Geophys., 24, 1623637 2006 www.ann-geophys.net/24/1625/2006/



M. Zettergren et al.: Modeling hot oxygen ions 1633

Loss Rate of OHOt per second due to Chemical Reactions (m’3 s“) 10
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Fig. 6. Loss rate for neutral hot O.

results, we conclude that the ratly/n, from Eq. (17) is Specifically, hot O is a heat source for the ambient ions.
small for hot O~ at most altitudes. Earlier we calculated the Figure 3 shows that hot ® has the effect of increasing the
thermalization time constant to be inversely proportional toambient ion temperatura) additionto the increase imposed
the weighted sum of the collision frequencies @nd H. by the neutral hot O. At higher altitudes the presence of hot
To see how accurate these calculations are, we have run @™ has the effect of raising the ambient ion temperature an-
simplified hot O simulation that omits the effects of pro- othera~150K above the temperature of the simulation with
ductions, energy transport, and drag on the hbt @sing neutral hot O. This is a direct result of the thermalization of
this simulation, we obtain from the time-dependent temper-hot O". Hot O collides with and imparts its energy to the
ature output a time constant which may be compared withambient ion population. Consequently, hot @hermalizes
that estimated analytically from Egl@). Figurel shows to the ambient ion temperature, but, in the process, causes
that these two time constants follow the same general trendhe ambient temperature to increase. A plot of the heat input
with altitude. = ranges from~0.5 min at lower altitudes to  to the O" population due to collisions with hot O and hot O

~2 min at the highest altitudes that we simulate. is shown in Fig5. This figure shows that hot O and hotO
are comparably important heat sources for the ambient ions.
The simulation with hot & also shows small but noticeable
effects on the densities of Oand H" (due to reactions B

R, Re, and R in Tablel, and changes in scale height) when
compared to the control simulation (the simulation without
hot O).

Hot O* does not thermalize completely near the F-region
peak. This is a result of the heat source of B®)( At the F-
region peak the hot ©® density is low due to loss processes
involving H, O, @, and N. However, the @ density is
at its peak so there is still a large hot-Qoroduction rate
from reaction R of Tablel. This results in a significant heat
source for the hot ® population and alters its equilibrium

+ 1 -
temperature to be greater than that of the ambient ions. Hot O represents a sink for neutral hot O through chem

ical reactions R and R in Tablel. We can use our sim-
The introduction of hot @ into TRANSCAR has a con- ulation to evaluate the loss rate of hot O due to the chemi-
siderable effect on the rest of the simulated ionospherecal production of hot ©@. The results of this evaluation are

www.ann-geophys.net/24/1625/2006/ Ann. Geophys., 24, 182542006



1634 M. Zettergren et al.: Modeling hot oxygen ions

Table 2. Hot O" cooling reactions. Substituting these variables far the heat flow equation be-

comes:

+ + kzh.l + + 1 o0 2

(Reh,2) Ohot+ O —=-50"4+0 q = Em [(v —ug + Ausl)
—0oQ
k

+ th,2

Rz Of +HY 2 Ht L oF (v — ug, + Auyy) fsl]d3v
1 e 2
+§m/. [(v — ug, + Auy,)
—0o0

shown in Fig.6. The percentage loss of hot O due to pro-
duction of hot O has a maximum at the F-region peak of
~3.5% of the total hot O population over a period of 18 hrs.
Comparison of Fig6 with the production rates for hot O cal-
culated inRichards et al(1994 andHickey et al.(1995 re-
veals that the loss rate is comparable to the hot O production /oo

(v —ug, + AusZ) fSZ]d3v

If the velocity product terms are expanded, this equation be-
comes (after much algebra):

rate of from the dominant production reaction considered,d = 4s; +m [(v - usl) Ausl] (v - usl) fs1d3v
No(v=1)4+0—> N2 (v=0)+Ongt.

—00

1 o
+ (Em/ (v— usl)z foyd3v

7 Implications for the overall O population -
Since simulations show that hot'Gs nearly indistinguish- +omAug f fsldgv) Aug,
able from ambient ©, we have combined the moments of - >
the separate species back into one collectivegdpulation. / 3
+qs, +m v —ug, ) Au v—u dv
The distribution function for the collective Ospecies is Ts2 oo [( s2) At ( s2) fo
given by: 1 )
f _ f?l + fsg (21) + <2m /;oo (I) usz) fszd v
for s;=0" ands;=0} ;. The moments of the Odistribu- 1 00
tion function can be calculated in terms of the moments of + EmAuszzf fod3v | Aug, (25)
the separate species by using this distribution function: -
. o Fd3 This expression can be simplified to an equivalent expression
Y in terms of the moments of the two distributions:
o0
= / (fsl + fsz) d3U q =(qs, + ”slkaslAusl
o 3
= ny, + 1, . (22) + (Enslkasl
Likewise, 1 2
1 [o© 5 + EmAusl )Ausl
u = ;\/;oov(fsl‘i‘fsz)d v +qs2+nszkaszAusz
1 e 3 o 3 —+ g)I’l kp T,
= — v f,d’v + v fy,d v o'ts2tb sz
ng, + Ny, —00 —00 1
_ Ng Us, + Ng,Us, ) (23) + EmAus22> AusZ (26)
N5y + Ny
If like terms are gathered, then the equation for heat flow

The heat flow is more complicated but can be found in the

same manner. becomes:

1 / > 2 3 5
q=—-m v—uw)w—u)(fy + f5)dv (24) _ NsMsp [ 2 _
i (foo + 1) 4= s+ + P STy~ T
Analysis of this expression simplifies if we introduce the fol- 1
i i . Ng, — Ng
lowing variables: om -t u, — ) | (s, — ) (27)
2 ng +n
ng, S1 52

Aug =ug —u = —= (usl — usZ)
n’zl If there is a differential drift velocitys,, —us,, between the
Aug, =ug, —u = P’ (s, — usy) two species of @, then the heat flow for the collective™O
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lon Densities from TRANSCAR with Hot O and Hot O+ added
Lat=45.0, Lon=0.0, LT=12.0 hrs, 0.99 pct U /no at 400km
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Fig. 7. lon densities:; and temperatureg as simulated in TRANSCAR. This simulation includes our self-consistently modeled population

of hot OT, with thermalization losses included.
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ion will contain a significant contribution from the differen- 9 Conclusions

tial drift. The simulations show that while the hot"(par-

ticles may not constitute a separate species, they may manfur findings indicate that hot Odoes not maintain a tem-
fest themselves through an enhanced heat flow in the overaRerature above that of the ambient ions, but is an important
O™ population, via the differential drift velocity. However, heat source for the ambient ions.

hot OF and ambient @ do not maintain enough drift veloc- ~ We have made approximate calculations describing the be-
ity difference (even during sunrise and sunset) to cause th8avior of hot O". Also we have made additions to an exist-

overall heat flow to deviate substantially from the sum of theing simulation of the ionosphere (TRANSCAR) in order to
individual heat flows. investigate the possible effects of a hypothesized neutral hot

O population and a self-consistently modeled hotg@pula-

tion. Since it has a considerably higher temperature than the
8 Thermalization as a loss process ambientions, neutral hot O serves as a significant heat source

to the ionosphere at all altitudes (F§). However, hot G
To this point the hot O has been treated as a completely sep-cannot maintain an elevated temperature at most altitudes
arate species fromQ However, when hot O thermalizes  due to thermalization by the other ions (Fy. Through this
to the ambient @ temperature there is no feature that differ- process of thermalization, hot'Orepresents a heat source
entiates the hot ®from the ambient ©. The thermalization (in addition to the hot O heat source) for the ambient ions
can be considered a loss process for the hoti©hot O is  (Fig. 5). Figure3 shows that the inclusion of hotOcauses
modeled this way, then the density will be lower than in our the ambient ion temperature to be higher than in the control
simulations and this will affect the equilibrium temperature simulation (no hot O, no hot ©) and the simulation with
of the hot O, since the ratiaP; /n; will be larger (Eq.17).  only hot O. From Figs3 and5 it can be seen that the com-
We present here a simulation of this alternative model of hothined effect of the hot O and hot'Gon the energy dynamics

ot. o ~ of the ionosphere is considerable.
We model the effects of thermalization loss by adding in - Figure4, which is representative of the noontime, steady-
two cooling reactions, {81 and Ry 2 of Table2. state ionosphere, shows that hot & the dominant ion at

The total loss frequency for these reactiofig,, is taken 1000 km-2000 km altitude. The temperature of hot @
to be the inverse time constant for thermalization that wasapproximately equal to the ambient ion temperature @#ig.

derived in section 3. at these altitudes, so that there is really no distinction be-
1 tween hot O and O. The ionization of hot O and the sub-
Bin = kinino+ + kipong+ = - V' (28) sequent thermalization of hot™Qappears to be an efficient
heating process in the ionosphere.
v is from Eq. (L0). We have also considered an alternative way to model hot

To fully model the thermalization reactions of Tal2leve O™ that includes the thermalization process as a loss pro-
must also include the energy input into the @d H" popu-  cess in the continuity equation. This alternate model gives a
lations due to these reactions. The energy input has the formsignificantly different density and temperature profile. How-

of Eq. 13): ever, the heating effects of hot™Qon the ambient ions re-
mains the same as before. Since detecting hotl@es not
5T, \* Py (Toﬁot - R) appear to be feasible, the heating effects, which are the same
(y) = o (29) under both models, are the most important aspect of Hot O
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at a significantly higher temperature than the ambient ions

(Fig. 7). However, the hot © would still not be detectable,
since it has such a low density.
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