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The "Kármán Line", currently defined by the FAI (Fédération Aéronautique Internationale) as the 100 km altitude line, is one conventional definition -arguably the most famous one -for the limit between spaceflight and atmospheric flight.

As reminded in recent work, the first known definition of the Kármán Line (named after Theodore von Kármán) is Andrew G. Haley's IAC 1957 paper "Space Law -The Development of Jurisdictional Concept". Haley's paper includes an indirect and -unfortunately -incomplete account on Kármán's views on how to compute the limit of "atmospheric and extra-atmospheric flight", using some physical and technological considerations and a velocity-altitude diagram. In Haley's paper, "Kármán jurisdictional line" is set at 275,000 ft (83.82 km), but a clear and complete demonstration is lacking. Later, in 1960, FAI re-defined the Kármán Line to 100 km and adopted it for the definition of spaceflight records, based on the work of an "informal group" of scientists, including Kármán, Von Braun, Dillaway and others.

Unfortunately, there no document from Kármán himself detailing his calculations for the limit of space (in either the Haley definition or the FAI definition). The lack of an unambiguous definition supported by an actual calculation has led to different interpretations (involving lift, velocity, centrifugal force, etc.) that still co-exist in today's literature. It also lets unanswered the question of which physical and/or technical considerations Kármán actually used.

In the first part of this paper, we detail what is known about Kármán's original definition of the "line between spaceflight and atmospheric flight", mainly based on the most direct sources, which are the writings of Haley and the cited references.

In the second part of this paper, we discuss Kármán's missing calculation based on the technological and physical considerations hinted in these documents, and propose a credible explanation leading to the 83.82 km altitude cited by Haley. We also provide hypotheses on how the 83.82 km altitude could have evolved to the later 100 km definition.

The only focus of this paper is Kármán's original definition of the limit of spaceflight. The question of what altitude should be set for today's applications (space law, spaceflight records, etc.) is outside the scope of this paper.

Introduction

The "Kármán line", named after Theodore von Kármán, is the name of the altitude limit of 100 km conventionally set by the Fédération Aéronautique Internationale (FAI) in 1960 for the purpose of separating aeronautics records and astronautics records [START_REF] Sanz Fernández De Córdoba | 100km Altitude Boundary for Astronautics[END_REF].

Although it is not recognized as such in the context of international space law, this altitude is often considered as the "beginning of space" in other contexts, such as suborbital commercial spaceflight. This is not the only existing convention for defining "the beginning of space". USAF pilots, for instance, earn their "astronaut wings" when they fly above 50 miles (80.45 km) [START_REF] Jenkins | A Word about the definition of space[END_REF].

While some physical and technical considerations can contribute to identify an altitude range that may considered as the transition between aeronautics and space, fixing a precise altitude is necessarily an arbitrary choice, as atmosphere does not "stop" strictly speaking, at a certain altitude.

The problem of identifying precisely the boundary of space has been the subject of debates mostly since the 1950, initially in the field of space law, when important progress were behind made towards high altitude suborbital flights then spaceflight. The Kármán line notoriety increased in the 2000s due to the rebirth of suborbital flight, this time for the purpose of private and commercial activities.

Only incomplete information are available about how the "Kármán line altitude" has been actually set.
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As recalled in [START_REF] Th | The Non Kármán Line: An Urban-Legend of the Space Age[END_REF], the "Kármán line" (under this name) was originally proposed by Haley in 1957 [START_REF] Haley | Space Law-The Development of Jurisdictional Concept[END_REF] following discussions with Kármán. The initial altitude attached to the "Kármán line" by Haley was 275,000 ft or 83.82 km (although Haley indicated that this definition was "illustrative" and "may be significantly changed").

Due to the lack of complete and unambiguous information regarding the Kármán line theory (in both Haley and FAI's versions), different interpretations exist in today's literature regarding its principle.

This purpose of the research presented here is to clarify the "Kármán Line theory", as originally proposed by Kármán, based on the most direct and official sources.

In section 2, we summarize what is currently known about the original Kármán line definition and the FAI version. In section 3, we discuss Kármán's missing calculation and propose a consistent theory based on the information available, new bibliographical references and a technical analysis. We also provide hypotheses on how the 83.82 km altitude could have evolved to the later 100 km definition.

Information about the Kármán line definition

from the most direct and early sources

First definition through Haley's paper

The name "Kármán line" first appeared in Andrew G. Haley's paper "Space Law-The Development of Jurisdictional", presented at the VIII th IAC in 1957 [START_REF] Haley | Space Law-The Development of Jurisdictional Concept[END_REF].

In this paper, Haley introduces what he calls "the Kármán jurisdiction line", following a discussion with Kármán that occurred in spring 1957. Kármán Kármán mentioned that he has reproduced this diagram in his paper "Aerodynamic heating-the temperature barrier in aeronautics", presented in June 1956 at the University of California at Berkeley [START_REF] Kármán | Aerodynamic Heating-The Temperature Barrier In Aeronautics[END_REF]. This diagram (Figure 1) shows the "corridor of continuous flight" in an altitude vs. velocity reference frame. The corridor, linking ground conditions to "satellite regime" conditions, is bounded by a lower and an upper curve.

The lower curve materializes the "heat barrier" or "temperature barrier", which is the subject of Kármán's paper. This is the boundary under which the skin temperature gets unacceptably hot due to aerodynamic heating. The temperature threshold is 2000 °F [1093 °C]. The upper curve is the "aerodynamics boundary" or "lift barrier". As shown in the upper left corner of the graphics, it materializes the boundary above which the aerodynamic lift (due to dynamic pressure) is not high enough to compensate the vehicle's weight, together with centrifugal force.

As the lower curve (temperature barrier) is Kármán's only interest in the context of his "Temperature barrier" paper, he just mentions that the upper curve is "computed somewhat arbitrarily", with no further detail (so Haley may not have received any other information from Kármán besides the diagram itself).

This "lift barrier" curve has a vertical asymptote when the velocity gets close to the orbital velocity. In [START_REF] Haley | Space Law-The Development of Jurisdictional Concept[END_REF], Haley provides his own version of this graphics, which he says to have "unskilfully redone" (cf. Figure 2). Haley's explanations identify the upper boundary curve (lift barrier) as the source of the proposed frontier between air and space flight: "To establish sound bases for demarcation of air and space jurisdiction it is necessary to consider that the condition for accomplishing aerial flight, that is circle at constant altitude, are weight equals aerodynamic lift plus centrifugal force. The aerodynamic lift decreases with altitude because of the decreasing density of the air and in order to maintain continued flight beyond zero air lift, centrifugal force must take over"

Haley's version of the diagram still includes the "heat barrier" which was the concern of Kármán in [START_REF] Kármán | Aerodynamic Heating-The Temperature Barrier In Aeronautics[END_REF]), but he makes clear that this boundary is not used at all for this jurisdictional discussions. This is mentioned on the graphic itself ("this area not important to jurisdictional considerations") as well as in the article's text [START_REF] Haley | Space Law-The Development of Jurisdictional Concept[END_REF]: This parameter, which we denote k, is:

k = ( 𝑉 2 𝑟 𝐸 + ℎ ) ( 𝜇 𝐸 (𝑟 𝐸 + ℎ) 2 ) = (𝑟 𝐸 + ℎ) • 𝑉 2

𝜇 𝐸

Eq. [START_REF] Sanz Fernández De Córdoba | 100km Altitude Boundary for Astronautics[END_REF] with: rE = effective Earth radius at 45°32'40'' latitude (6356.766 km) E = Earth gravitation constant (3.9627.10 14 m 3 /s 2 ) = g0.(rE 2 ) g0 = sea-level gravity acceleration at 45°32'40'' latitude (9.80665 m/s 2 ) h = altitude (m) V = velocity (m/s) In the following calculations, rE and E are set in accordance with USAF's atmosphere model of 1956 [START_REF] Minzner | The ARDC atmosphere model[END_REF], which was the reference model at the time when the Kármán line first appeared in literature. We have used this model in all the calculations presented in this paper in order to be as close as possible to the original calculations. Indeed, checking the Kármán line theory requires consistency between the atmosphere density model (on which lift depends), the Earth gravity model and the Earth radius model. However, we have verified that the results are not significantly impacted when using today's reference model, which is the US 76 atmosphere [START_REF]US Standard Atmosphere 1976[END_REF].

Setting k is equivalent to set the ratio between velocity and orbital velocity, as the square root of the former is the latter (Eq. [START_REF] Jenkins | A Word about the definition of space[END_REF]):

𝑉 √ 𝜇 𝐸 𝑟 𝐸+ℎ = √𝑘
Eq. [START_REF] Jenkins | A Word about the definition of space[END_REF] Solving Eq. [START_REF] Sanz Fernández De Córdoba | 100km Altitude Boundary for Astronautics[END_REF] for V, the 2 % centrifugal force to weight ratio yields a velocity of 4008 km/h [2490 mph]. This actually corresponds to X-2's design speed, which was 2500 mph [START_REF]X-2 sets Altitude Record at 126,000 Ft[END_REF], while the actual speed at this altitude was only Mach 1.67 (1924 km/h or 1195 mph) [START_REF] Whitford | Lessons Learned from the Bell X-2 SAE Technical Paper 975524[END_REF]. So the actual ratio between centrifugal force and weight is k = 0.46 % instead of 2 % (which makes Haley's point even stronger).

Finally, Haley's defines the (Kármán) "jurisdictional boundary" as follows:

"It shall be noted that in the corridor of continuous flight when an object reaches approximatively 275,000 feet [83.82 km] and is traveling at 25,000 feet per second [7620 m/s], the Kepler force takes over and the aerodynamic lift is gone. This is a critical jurisdictional boundary".

In this sentence, "Kepler force" is improperly used as a synonym for "centrifugal force".

Besides this paragraph (which, alone, may appear ambiguous with regard to the meaning of "takes over") and the graphics, no precise explanation is provided regarding the choice of the 275,000 ft altitude (nor the 25,000 ft/s speed).

Haley's figure in not of much help to understand the exact definition: the 275,000 ft / 25,000 ft/s conditions seems to be on the "aerodynamic boundary curve" but it cannot be ascertained for sure as the crossing region is blanked. Also, we note that the aerodynamic boundary curve forks into two branches (apparently, at these precise altitude/velocity conditions): an "orbital velocity" branch, which seems to be the one of the original Masson & Gazley figure, and an "escape velocity" branch, which is new. This new branch may be an (imperfect) attempt by Haley to include into Masson & Gazley's figures some additional information from Sanger's flight regime diagram, which Haley also reproduces in [START_REF] Haley | Space Law-The Development of Jurisdictional Concept[END_REF].
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Page 4 of 15 Indeed, Sanger's diagram (Figure 3) is similar to Masson & Gazley's diagram as it represents different "flight regimes" in the altitude vs. velocity domain but it is more general as it includes more information, for instance about propulsion technologies, interplanetary travel and tolerable acceleration. Sanger's diagram includes versions of both "the heat barrier", and "limit of dynamic lifting power". Although the name of this latter curve shows that it refers to the same phenomenon than Masson & Gazley's "aerodynamic boundary" (lift), we cannot be sure that it represents the same. Sanger's "limit of dynamic lifting power" is not connected directly to the "orbital velocity" branch is the same way as in Masson Another early Haley paper [START_REF] Haley | Law Must Precede Man Into Space[END_REF] confirms that he was inspired by Sanger and that he has initially considered several "jurisdictional regimes" including regimes beyond Earth orbit (i.e. not only the "atmospheric flight" and "exo-atmospheric flight" regimes). Indeed, he mentions four regimes: "airspace", "Earth Kepler regime", "Solar Kepler regime" and "Sanger regime" (which apparently refers to "interstellar regime"). This paper also contains another early version of Haley's diagram in which the lift barrier curve is connected only to the "escape velocity branch" (the "orbital velocity" is represented, but disconnected to the "lift barrier" curve, as in Figure 2 from [START_REF] Haley | Space Law-The Development of Jurisdictional Concept[END_REF]).

Anyway, Haley's explanations make clear that the Kármán line definition is related to Masson & Gazley's lift boundary curve. Like the "heat barrier" curve, the escape velocity curve is apparently part of the "supernumerary information" that Haley recognizes to have included in his version of the graphic.

Calculating the orbital velocity and k ratio corresponding to the 275,000 ft / 25,000 ft/s conditions provides some insight about the Kármán line definition. We observe that these are suborbital conditions: 25,000 ft/s represents 97.15 % of the orbital velocity at this altitude, which is 25735 ft/s [7844 m/s], and the ratio between centrifugal force and weight is k = 94.37 %.

It means that lift accounts for 5.63 % of the compensation of weight. Therefore, describing it as "gone" appears to be a simplification.

Haley does not explain in detail the origin of these figures, but we know that his point was to present the general principle of the Kármán line theory, rather "setting in the stone" a particular altitude: "[The flight regime figure showing the Kármán line] is intended to be illustrative, and it is not presented as an apodeictic solution of jurisdictional boundary lines. The Kármán primary line may eventually actually remain as shown on [it] or, after consideration, the line may be significantly changed. In any event, this is the line at which "airspace" terminates" This is consistent with Kármán describing the curve he gave Haley as being "computed somewhat arbitrarily". So we know that the 275,000 ft (83.82 km) is only "illustrative" and "may be significantly changed". This is precisely what happened when Kármán contributed to the setting of FAI's 100 km altitude.
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Current FAI definition

FAI set the definition of the altitude limit for astronautical record in 1960 [START_REF]FAI Certifies Astronaut Shots, Aviation Week[END_REF] i.e. 3 years after Haley's first mention of the Kármán Line. The new altitude set by FAI is 100 km (62.15 miles), which is 16.18 km higher than the altitude mentioned by Haley in his 1957 paper. The only direct information available about the origin of this choice is an article on FAI's website [START_REF] Sanz Fernández De Córdoba | 100km Altitude Boundary for Astronautics[END_REF].

The interchange of ideas was finally conducted to a clear cut: In Aeronautics, level flying higher and higher meant to deal with less and less dense atmosphere, thus to the need of greater and greater speeds to have the flying machine controllable by aerodynamic forces. A speed so big in fact, that, above a certain altitude, could be close or even bigger than the circular orbital speed at that altitude (i.e. lift was no longer needed, since centrifugal force took over; and consequently aerodynamic flight was meaningless). Conversely, in Astronautics, lower and lower orbital flying led to encounter more and more dense atmosphere, so much that it would be impossible to keep the orbit for a number of turns around Earth without a significant forward thrust (thus making the free fall, or orbiting, concept meaningless). A lot of calculations were made, and finally it was reached the conclusion, accepted by all scientist involved, that around an altitude of 100 Km. the boundary could be set.

These explanations are very similar to Haley's paper but, just like it, are incomplete. Nevertheless, FAI's article emphasizes the role of Kármán in the choice, in collaboration with other scientists (consistently with the naming "Kármán line"). Another explicit link between Kármán and the FAI 100 km line is provided by Haley in a paper he presented shortly after FAI's decision [START_REF] Haley | Survey of Legal Opinion on Extraterrestrial Jurisdiction[END_REF]: At this point [above 100 km] aircraft flight must end and space flight begin. This agreement coincides with the Kármán line theory.

The apparent contradiction of having a "83.82 km Kármán line" and a "100 km Kármán line" has been highlighted in recent work by Gangale as one argument supporting the idea that the Kármán name is actually attached abusively to the FAI 100 km limit, thus making the Kármán Line -as we call it today -"an urban legend of the space age" [START_REF] Th | The Non Kármán Line: An Urban-Legend of the Space Age[END_REF]. However, as explained in the next section, this is not necessarily a contradiction as the same theory (which is what Haley was referring to) may lead to different numerical results (e.g. 83.82 vs. 100 km) according to the numerical assumptions taken as input.

The search for the complete definition

To the origins of the "lift barrier" curve

As shown on the original diagram (Figure 1), the curve used by Haley & Kármán to define the "jurisdictional line" materializes the equilibrium between weight and the sum of lift and centrifugal force.

Although the exact reference is not provided by Kármán in [START_REF] Kármán | Aerodynamic Heating-The Temperature Barrier In Aeronautics[END_REF], the "recent" Masson & Gazley 's paper from which Kármán has extracted the diagram is likely to be the one the IAS summer meeting paper (June 1956) [START_REF] Masson | Surface Protection And Cooling Systems For High-Speed Flight[END_REF]. In this paper, Masson & Gazley do not provide a more precise definition for the curve, but they give an important information: "(...) the dynamic pressure necessary for lift) was chosen as 80 lbs. per sq.ft. [= 390.6 kg/m2 or 3830 Pa] (except below 1,000 ft. per sec., to allow for helicopters, VTOL, and light aircraft)".

Masson & Gazley's paper also contains a second version of the same graphics with several "lift barrier curve" for other values (40, 100 and 200 psf).

A 1953 Scientific American from Fritz Haber [START_REF] Fritz | The Heat Barrier[END_REF] is cited as the source of the "corridor of continuous flight" diagram. Fritz Haber and his brother Heinz are pioneers of space medicine who proposed the idea of parabolic flight to recreate weightlessness [START_REF] Haber | Possible Methods of Producing the Gravity-free State for Medical Research[END_REF].

In [START_REF] Fritz | The Heat Barrier[END_REF], Fritz Haber show, first on separate figures, then the same one (cf. Figure 4), the "heat barrier" curve, which corresponds to a maximum allowable skin temperature of 480°F (249°C), and the "lift barrier" curve, described as "the minimum speed at which an airplane could fly (…) on the basis of an airplane kept aloft by the small pressure of 80 pounds per square foot".

The 80 psf pressure (390 kg/m2 or 3830 Pa), used to compute the "lift barrier curve", is the same one mentioned by Masson & Gazley. Haber describes it as "a very low figure by today's standards" (that is, 1953).

On the contrary, the maximum skin temperature, used to compute the "heat barrier" has increased between Haber's paper (480°F, or 249°C) and Masson & Gazley's later version (2000 °F or 1093 °C). This illustrates the progress of heat-resistance materials. Interestingly, Haber appears pessimistic about the possibility of pushing the "heat barrier" and displays more hope of "going around it" by changing the design of the airplane (hence, lifting the "lift barrier", if we may say):

Engineers may also crack no man's land by designing an airplane that requires less pressure difference on its wings for flying. This can be done by making the wings larger, thereby decreasing the wing loading. Airplanes would then be able to support themselves in the air at slower speeds at any given altitude. Such a move would reverse the trend in aircraft design, (…) Breaking through the sound barrier was an unconditional "yes" or no" proposition. The heat barrier is different. It is not possible to break through it, but by fulfilling certain conditions it will be possible to go around it. To effect this detour, it will be necessary to make radical changes in the airplane as we know it today.

In addition, in the similar way as Kármán, Haber notes that this graphics illustrates the increasing role of centrifugal force to counteract gravity when velocity increases:

Incidentally the graph brings out the interesting fact that at the speed Mach 15 the centrifugal force of the aircraft's motion around the earth begins to counteract the earth's gravitational pull, and at Mach 25 the craft becomes completely weightless. No pressure difference is then required to keep the plane up, and we can go as high as we like.

Re-creating the "lift barrier" curve

The lift barrier curve corresponds to the balance between weight (left side of Eq. [START_REF] Th | The Non Kármán Line: An Urban-Legend of the Space Age[END_REF]) and the sum of the lift force and centrifugal force (right):

𝜇 𝐸 (𝑟 𝐸 + ℎ) 2 = 1 2 𝜌(ℎ)𝑉 2 ( 𝑀 𝑆 • 𝐶 𝐿 ) + ( 𝑉 2 𝑟 𝐸 + ℎ )
Eq. [START_REF] Th | The Non Kármán Line: An Urban-Legend of the Space Age[END_REF] with:

(h)= atmospheric density (kg/m 3 ) at altitude h M = mass (kg). CL = Lift coefficient (-) S = aerodynamic surface (m 2 ). M/(S.CL) is the lift parameter [START_REF] Hirschel | Selected Aerothermodynamic Design Problems of Hypersonics Flight Vehicles[END_REF], expressed in kg/m 2 . This is the parameter set to 80 psf (in imperial units) in Masson & Gazley's paper [START_REF] Masson | Surface Protection And Cooling Systems For High-Speed Flight[END_REF] and Fritz Haber's article [START_REF] Fritz | The Heat Barrier[END_REF]. It is assumed constant along the curve, which is a simplifying assumption.

As noted by Hermann in a paper that contains a version of the Masson & Gazley graphics [START_REF] Hermann | Problems of Hypersonic Flight at the Re-Entry of Satellite Vehicles[END_REF], it is incorrect to associate the lift barrier curve to a "dynamic pressure" value. The "lift parameter" (expressed as a pressure) and the "dynamic pressure" are different:

Only as long as the flight velocity is small compared to the circular velocity, and for horizontal flight, the parameter [M/(S.CL)] is equal to the dynamic pressure. Hence, it is incorrect to label those lines with "dynamic pressure q" as it is sometimes done. They are only identical at those specific conditions."

In particular, the 80 psf pressure is incorrectly described by Masson & Gazley as the "dynamic pressure necessary for lift" [START_REF] Masson | Surface Protection And Cooling Systems For High-Speed Flight[END_REF]. If undetected, this misnaming is obviously a difficulty to understand the theory and check the figures.

It is interesting to note that the lift parameter may be expressed as the ratio between the wing loading (M/S) and the lift coefficient (CD) and also as the ratio between the ballistic coefficient (M/(S.CD)) and the lift-to-drag ratio (CL /CD):

𝑀 𝑆 • 𝐶 𝐿 = ( 𝑀 𝑆 ) 𝐶 𝐿 = ( 𝑀 𝑆 • 𝐶 𝐷 ) ( 𝐶 𝐿 𝐶 𝐷 )
Eq. [START_REF] Haley | Space Law-The Development of Jurisdictional Concept[END_REF] Eq. [START_REF] Th | The Non Kármán Line: An Urban-Legend of the Space Age[END_REF], in this form, corresponds to horizontal flight, but, more generally speaking, it is a particular case of the flight path angle () state equation [START_REF] Hirschel | Selected Aerothermodynamic Design Problems of Hypersonics Flight Vehicles[END_REF]. It corresponds to a constant flight path angle (𝛾̇= 0) near 0° (cos   1):

𝑉 • 𝛾̇= cos 𝛾 [( 𝑉 2 𝑟 𝐸 + ℎ ) - 𝜇 𝐸 (𝑟 𝐸 + ℎ) 2 ] + 1 2 𝜌(ℎ)𝑉 2 ( 𝑀 𝑆 • 𝐶 𝐿 )
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While neither the Masson & Gazley paper [START_REF] Masson | Surface Protection And Cooling Systems For High-Speed Flight[END_REF] nor the Haber article [START_REF] Fritz | The Heat Barrier[END_REF] provide Eq. [START_REF] Th | The Non Kármán Line: An Urban-Legend of the Space Age[END_REF], the confirmation that it is indeed the one that describes the "lift barrier" curve is given by Hermann in [START_REF] Hermann | Re-Entry Trajectories and Problems of Hypersonic Flow, Space Trajectory[END_REF] (a paper which also contains a version of the same graphics from [START_REF] Masson | Surface Protection And Cooling Systems For High-Speed Flight[END_REF]).

The curve can be traced by fixing h and solving Eq. [START_REF] Th | The Non Kármán Line: An Urban-Legend of the Space Age[END_REF] for V, yielding the closed form expression:

𝑉 = √ 𝜇 𝐸 (𝑟 𝐸 + ℎ) - 𝜌(ℎ) • (𝑟 𝐸 + ℎ) 2 ( 𝑀 𝑆 • 𝐶 𝐿 )
Eq. [START_REF]X-2 sets Altitude Record at 126,000 Ft[END_REF] Figure 5 shows on the same altitude vs. velocity graphics Haley's original Haley's version of the "lift barrier" and the re-created version calculated with Eq. [START_REF]X-2 sets Altitude Record at 126,000 Ft[END_REF] and M/(S.CL) = 80 psf.

Haley's version of the curve has been reproduced by digitizing another version of it appearing in [START_REF] Haley | Space Law and Metalaw -Jurisdiction Defined[END_REF] (cf. Figure 6). The interest of using this version is that it is larger and the region where the altitude line crosses the lift barrier curve is not blanked, unlike in Figure 2. We verify that our "lift barrier" curve, as computed using the previous equations, matches Haley's curve. The very small differences can be explained by the process of a "manual" transcription of the original curve by Haley. We also verify that the 275,000 ft / 25,000 ft/s conditions do correspond to a point on this curve (this was not possible to see on Figure 2). This identifies a "missing piece" of the calculation behind the Kármán line altitude value, as presented by Haber: the curve from which it is obtained depends on the hypothesis of a constant lift parameter (M/(S.CL)) of 80 psf, (390 kg/m 2 or 3830 Pa). This data can be traced to Fritz Haber's 1953 article (which, of course, does not exclude the possibility of earlier sources).

Kármán most probably did not recommend explicitly this particular value (of which Haley was probably not even aware). All we know is that he gave Haley a general description of his theory, along with a copy of Masson & Gazley's "lift barrier" curve, which he said to be "computed somewhat arbitrarily".

It shall be noted that the exact "lift barrier" curve actually varies with the solar cycle, as it changes the atmospheric density profile, so considering a mean atmospheric density profile is a simplification.

Location of the Kármán line crossing on the curve

In the previous section, we have confirmed that Haley's altitude and velocity conditions have been obtained using Masson & Gazley's "lift barrier" curve (which actually comes from Haber) and we have determined that one numerical input for the calculation of this curve is a constant M/(S.CL) of 80 psf.

The second "missing piece" is the way Kármán and Haley have chosen the point (hence, the altitude) where the Kármán line crosses this curve Haley's example of the X-2 flight, based on the calculation of the ratio between centrifugal and weight, suggests that the other key figure behind the "Kármán Line" theory is this ratio (that we denoted k in Eq. [START_REF] Sanz Fernández De Córdoba | 100km Altitude Boundary for Astronautics[END_REF]) This is indeed confirmed by Leopold and Scafuri [START_REF] Vernon Leopold | Orbital and Super-Orbital Spaceflight Trajectories Jurisdictional Touchstones For a United Nations Space Authority[END_REF] who associate Haley's proposal to the following definition of space, extracted from Wolf Haber's paper "A Draft convention on international law of space" [START_REF] Haber | A Draft convention on international law of space[END_REF]: "Space" is that area immediately above airspace and extending outward from the surface of the earth to infinity, and which surrounds all celestial matter. It is the area in which the minimal requirement for successful navigation is that X per cent of a space craft's weight be sustained by centrifugal or Keppler [sic] force, at a forward speed of A miles per hour". Wolf Haber (not to be mistaken with Fritz Haber, author of [START_REF] Fritz | The Heat Barrier[END_REF]) does not explicitly credit Haley for this definition, but his list of references includes the proceedings of the 1958 symposium "The law and upper space", in which Haley presented "Law and the Age of Space" [START_REF] Haley | Law and the Age of Space[END_REF]. This paper is nearly identical to [START_REF] Haley | Space Law-The Development of Jurisdictional Concept[END_REF] regarding the "jurisdictional line" definition.

In addition to this confirmation that Haley's proposal relies on the k ratio (denoted X by Wolf Haber), we note a striking similarity with Haley's paper, including the uncommon use of "Kepler force" as a synonymous for "centrifugal force". There is also the same typo on "Kepler" (with 2 "p") as in [START_REF] Haley | Law Must Precede Man Into Space[END_REF].
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One difference, however, is that the definition is based also on a threshold on velocity. This seems to be the trace of a preliminary formulation of the Haley/Kármán definition. As will be explained later in this section, setting the k ratio and the velocity is equivalent to setting an altitude.

Let us now study the value of k corresponding to the Haley conditions. As noted in section 2.1, the corresponding value is k = 94.37 %.

Considering the level of error that could have occurred in the calculations and the manual plotting of the curve, it is plausible that Haley and Kármán have considered a numerical value of 95 % for the centrifugal force to weight ratio threshold (provided this figure was explicitly set as an input to place the altitude limit on the graphics).

Unlike the lift parameter value, which could be found in other papers, this numerical value of k could not be crosschecked with external sources (the definition from [START_REF] Haber | A Draft convention on international law of space[END_REF] relies on an abstract "X" variable). However, a consistency check is possible using the available data. Indeed, we have four independent variables involved in the calculation of the Kármán limit:

 altitude (h)  velocity (V)  the lift parameter (M/(S.CL))  the centrifugal force to weight ratio (k)

They are connected by two equations (Eq. [START_REF] Sanz Fernández De Córdoba | 100km Altitude Boundary for Astronautics[END_REF] and Eq. [START_REF] Th | The Non Kármán Line: An Urban-Legend of the Space Age[END_REF]). Therefore, setting two of these variables allows computing the two remaining ones.

With M/(S.CL) = 80 psf being confirmed (cf. § 3.1), we now know the "nominal" values of three variables (h, V and M/(S.CL) ). By taking two of these three "known" variables as input, it is then possible to get the corresponding estimation of k and to check the third "known" variable at the same time.

Table 1 shows the results in SI units. For convenience (in order to facilitate the comparison with the data as they appear in [START_REF] Th | The Non Kármán Line: An Urban-Legend of the Space Age[END_REF]), the results are also provided in imperial units in Table 2. As shown on these tables, we get three consistent values of k, in the range 91.4 % to 94.4 %. Along with the visual verification allowed by Figure 5, this result confirms that M/(S.CL) = 80 psf is indeed one hypothesis leading to Haley's altitude and velocity conditions.

Considering the fact that the 275,000 ft / 25,000 ft/s conditions are probably the result of rounding and/or rough estimations using atmospheric data tables, this range of the estimation of k appears acceptable.

Similarly, the relatively large deviations between the nominal M/(S.CL) value (80 psf) and the re-computed value from h and V (125.6 psf) is acceptable if we consider that lift is proportional to both the inverse of this parameter and to the atmospheric density. Since the atmospheric density is very sensitive (in relative value) to altitude, so is the lift parameter in these calculations.

Then, along with the 80 psf lift parameter, k = 0.95 % is the second "missing piece" of the calculation of the 275,000 ft / 25,000 ft/s conditions.

Just like the particular value of the lift parameter, Kármán probably did not recommend explicitly this particular value of k. Indeed, Haley could have selected empirically a limit on the curve according to Kármán's general guidelines, (close to the orbital velocity, in the steep part of the curve) and with a conveniently round value (25,000 ft/s), implicitly setting k. This would explain why these data never appear in Haley and Kármán's papers. Therefore, Kármán probably did not endorsedstrictly speaking -the particular altitude of 83.82 km (275,000 ft), which, anyway, was "illustrative" and could "significantly change", as stated by Haley [START_REF] Haley | Space Law-The Development of Jurisdictional Concept[END_REF].

Another element supporting this hypothesis is Figure 6 from reference [START_REF] Haley | Space Law and Metalaw -Jurisdiction Defined[END_REF], which appears to be an earlier version of Figure 2 from [START_REF] Haley | Space Law-The Development of Jurisdictional Concept[END_REF]. Indeed, while it contains mostly the same information as [START_REF] Haley | Space Law-The Development of Jurisdictional Concept[END_REF] and later Haley papers (Kármán's proposal, reference to the "Masson & Gazley" graphics, the X-2 flight ...), there are some differences:

IAC-21-E4.2.4
Page 9 of 15 -The velocity associated to the "critical jurisdictional boundary" is 35,000 ft/s instead of 25,000 m/s. This is likely a typo, although it may refer to the escape velocity boundary, which is the also the limit of his version of the graphics. -The lift barrier curve is labelled "primary jurisdictional boundary curves" instead of "primary aerodynamics boundary curves" as in [START_REF] Haley | Space Law-The Development of Jurisdictional Concept[END_REF]. -Most importantly: the "Kármán primary jurisdictional line" at 275,000 ft is absent on this particular version of the graphics (cf. Figure 6) and in the text of the article as well. Like [START_REF] Haley | Space Law-The Development of Jurisdictional Concept[END_REF], [START_REF] Haley | Space Law and Metalaw -Jurisdiction Defined[END_REF] mentions the 275,000 ft / 25,000 ft/s condition as "a critical jurisdictional boundary", but not as "Kármán primary jurisdictional line". Also, "jurisdictional boundary lines" is always mentioned with the plural, never with the singular. These differences apparently confirms that Haley initially proposed "jurisdictional boundary curves" (including regimes of flight beyond Earth orbit) instead of the single "jurisdictional line" later named after Kármán (cf. section 2.1). As seen on Figure 6, these "jurisdictional boundary curves" include both the Masson & Gazley's "lift barrier" curve and the "escape velocity" branch. The 275,000 ft / 25,000 ft/s conditions were not yet associated to a constant altitude line separating atmospheric flight and space flight.

Possible explanation about the change to 100 km

In the previous section, we have emphasized the difference between the Kármán line theory and the particular altitude value that can be obtained according to the numerical hypotheses on its input parameters (lift parameter M/(S.CL) and k ratio).

Assuming that FAI's altitude was set from the same theory (which is apparently confirmed [START_REF] Haley | Law and the Age of Space[END_REF]), an adjustment of one or both parameters may be the explanation behind the change of the Kármán line to 100 km instead of 83.82 km.

If we consider an unchanged lift parameter of 390.6 kg/m 2 (80 psf), the k ratio corresponding to the 100 km altitude is 99.42 %, with V = 7811 m/s (25627 ft/s).

On the other hand, if we consider k = 95 %, the lift parameter corresponding to the 100 km altitude is M/(S.CL) = 43.7 kg/m 2 (8.95 psf), with = 7643 m/s (25076 ft/s).

In both calculation, the result is not a round number (which would have been a clue) but this fact cannot be conclusive, as we know from [START_REF] Sanz Fernández De Córdoba | 100km Altitude Boundary for Astronautics[END_REF] that the 100 km altitude is itself the result of a rounding: It was apparently Von Kármán himself who realised, and proposed to the rest, the very round number of 100 Km (very close to the calculated number).

For the purpose of illustration, Table 3 shows what the exact altitude would be using some round values, close to the data presented above. The table also shows the lift parameter corresponding to h = 100 km and k = 0.99, which is M/(S.CL) = 227.7 kg/m 2 (46.6 psf), Figure 7, Figure 8 and Figure 9 in the annex provide a complete view of these solutions, showing the variations of the Kármán altitude as a function of k and the lift parameter.

k =95 % k =99 % M/(S.CL) = 390.
Another possibility is that the choice of the 100 km altitude may have not been made entirely on the basis of single values for these two parameters but rather on ranges, allowing then to compute a medium value. As we will see in the next section, this hypothesis is consistent with Kármán's personal view about the boundary of space, as expressed in a 1961 conference.

Finally, we cannot rule out the possibility that the Kármán line theory, as presented here, was only one element of decision among others to set the exact altitude limit, whose choice is eventually arbitrary (at least partly), as it cannot be derived from purely physical considerations.

One clue for this hypothesis is that FAI's explanations about the origin of the 100 km Kármán line not only mentions "centrifugal force [taking over]" but also "[controllability] by aerodynamic force" [START_REF] Sanz Fernández De Córdoba | 100km Altitude Boundary for Astronautics[END_REF], which is the criterion used by USAF for its definition of the beginning of space according to Jenkins [START_REF] Jenkins | A Word about the definition of space[END_REF].

IAC-21-E4.2.4
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The 100 km altitude may result from a mix of both approaches, who have in common considerations about aerodynamic forces being insufficient: with regard to the lift necessary for stabilized flight in Kármán's theory and with regard to controllability in the USAF theory. Unfortunately, it is not possible to check further this theory, as details about the origin of the USAF limit are scarce. According to Jenkins, the limit of aerodynamic stability on which it relies is defined as dynamic pressure being "less than 1 psf" (4.88 kg/m 2 ) [START_REF] Jenkins | A Word about the definition of space[END_REF].This data alone is insufficient to define a particular altitude, as dynamic pressure depends on velocity also. Conversely, we observe that at the USAF altitude (50 miles), such dynamic pressure corresponds to a velocity of 2188 m/s, which is around Mach 8. Additional note about the USAF limit: Although no direct link could be found with the 1 psf dynamic pressure figure mentioned by Jenkins, the 50 miles limit may originates from a recommendation made by the NACA Main Committee on Aerodynamics in 1952. This recommendation defined two important regions for aerodynamic research: the first one "between 12 and 50 miles and at Mach numbers between 4 and 10" and the second one "from 50 miles to infinity and at from Mach number 10 to the velocity of escape from the earth's gravity" [START_REF] Shortal | A New Dimension-Wallops Island Flight Test Range: The First Fifteen Years[END_REF].

Kármán's "last words" about the boundary of space

While the "Kármán line" was first introduced by Haley in [START_REF] Haley | Space Law-The Development of Jurisdictional Concept[END_REF] then discussed in many other papers from him, there are very few direct sources from Kármán himself. The best known is Kármán's autobiography "The Wind and Beyond" [START_REF] Th | The Wind and Beyond: Theodore von Kármán-Pioneer in Aviation and Pathfinder in Space[END_REF], which was published in 1967 (i.e. after his death, which was in 1963).

What Kármán says in this book definitely concurs with Haley, but does not bring any new information as it seems to be directly derived from Haley's paper. It provides the same example of the X-2 flight, and Kármán defines his theory for the boundary of space in similar terms as in Haley's paper: "But at 300,000 ft or 57 miles up, this relationship is reversed because there is no longer any air to contribute lift. Only centrifugal force prevails. This is certainly a physical boundary, where aerodynamics stops and astronautics begins, and I thought why should it not also be a jurisdictional boundary ? Haley has kindly called it the Kármán Jurisdictional line."

Here, the altitude is rounded to 300,000 ft (91.44 km) instead of Haley's 275,000 ft (83.82 km). This difference suggests that this figure is provided only as an order of magnitude, not as a value to be considered significant up to the last digit. Kármán has also discussed the "Jurisdictional line" in a conference he presented at the University of Maryland on April 1961 [START_REF] Th | From Low Speed Aerodynamics to Astronautics[END_REF] (i.e. after FAI selected the 100 km altitude, in 1960).

In this conference, Kármán discusses the limit of space in nearly the same terms as in [START_REF] Haley | Space Law-The Development of Jurisdictional Concept[END_REF] and [START_REF] Th | The Wind and Beyond: Theodore von Kármán-Pioneer in Aviation and Pathfinder in Space[END_REF], and using the original Masson & Gazley diagram from [START_REF] Masson | Surface Protection And Cooling Systems For High-Speed Flight[END_REF] (the same that was reproduced also in his "temperature barrier" paper [START_REF] Kármán | Aerodynamic Heating-The Temperature Barrier In Aeronautics[END_REF]) but he provides an altitude range (with round figures in ft) instead of a precise altitude:

Currently, [Masson & Gazley's] figure is not up to date. At that time, the actual flight domain was represented by the shaded area. It is evident that when centrifugal force becomes dominant, the vehicle turns into a satellite. That condition can be considered as the beginning of space. Hence I propose that space starts from 300 or 400,000 ft [91.44 or 121.92 km] Note: this paragraph was translated back to English from the French edition of [START_REF] Th | From Low Speed Aerodynamics to Astronautics[END_REF], so wording difference may exist compared to the original. Again, Kármán explains the general principle of this theory and seems to be more interested in providing an order of magnitude (using round figures) rather that to fix very precisely an altitude threshold (he cites neither Haley's 83.82 km altitude nor FAI's 100 km altitude). Interestingly, he talks about centrifugal force being "dominant" when the vehicle "turns into a satellite", confirming that lift in not completely (i.e. not at 100 %) "gone" in his theory. This is definitely consistent with the Kármán line theory as reconstituted here, and confirms that describing Kármán's line as the altitude where lift is completely "gone" is actually a simplification. The fact that the lift cannot vanish completely as altitude increases is a consequence of the assumption of a constant lift parameter.

It should be noted that this altitude range is definitely consistent with the FAI 100 km limit set earlier the FAI astronautics records committee, to which Kármán contributed. Although this can be no more than a hypothesis, the middle-value of this range, which is 106.68 km (350,000 ft), could be the origin of the rounded value of 100 km.

It is likely that the altitude range provided by Kármán is the consequence of setting a range for the lift parameter and a fixed centrifugal force to weight ratio (close to 1).

Indeed, the lift parameter to be taken as input for the calculation cannot be known with absolute certainty, as it is an estimation of the minimum achievable value achievable with current and/or future technology. IAC-21-E4.2.4
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In addition, another source of uncertainty appear if we consider the variation of atmospheric density with the solar cycle, instead of a mean atmospheric density profile.

In the same way as Figure 9, Figure 10 shows the sets of lift parameter and k values corresponding to different altitudes: the FAI Kármán line (100 km), Kármán's lower and upper estimations (91-122 km) and also, as an illustration, Haley's altitude (84 km), which is outside Kármán's range. The light blue area shows the corresponding lift parameter domain for k between 0.9 and 0.999. As an illustration, Table 4 provides the lift parameter ranges for k = 0.9, 0.95, 0.99 and 0.999. The important variation of the lift parameter ranges when k gets closer to 1 is explained by the fact that atmospheric density, on which lift depends, is very sensible to altitude.

Although, again, this can be no more than a hypothesis, we note that Kármán's 91-122 km altitude range roughly corresponds to a 10-1000 kg/m 2 lift parameter range and k = 99 %. These figures are "credible" inputs for the implementation of Kármán line's theory. 

Conclusions

In this paper, we have proposed a credible and consistent explanation for the both the exact theory and the numerical calculations behind the original Kármán line definition, as first presented by Haley in 1957. According to this theory, the Kármán line corresponds to the altitude above which lift becomes a negligible contributor to weight compensation compared to centrifugal force, considering a stabilized horizontal flight. Within this theory, the practical calculation of the altitude limit entirely depends on the choice of two numerical inputs:

-A technical input: an estimation on the minimum achievable lift parameter M/(S.CL), assumed to be constant in the flight regime considered. -An arbitrary setting: the threshold (close to 100 %) for the centrifugal force to weight ratio (k) above which lift is considered negligible in stabilized horizontal (or nearly horizontal) flight.

Therefore, describing the Kármán Line as the altitude where lift completely disappears, which is a common interpretation, appears to be a simplified version of Kármán's original proposal. Indeed, the simplifying assumption of a constant lift parameter implies that lift decreases with altitude, but never gets strictly null, just like the atmospheric density on which it depends.

We have demonstrated that this theory is fully consistent with Haley's data and graphics, and we have identified the numerical assumptions leading to the 83.82 km altitude provided by Haley: M/(S.CL), = 390.6 kg/m 2 (80 psf) and k ~ 95 %.

It is very likely that Kármán did not explicitly recommended these two numerical inputs to Haley. The only certainty is that Kármán described the general principle of his theory, then Haley used the Masson & Gazley's curve ("computed somewhat arbitrarily", according to Kármán) to provide the "illustrative" 83.82 km altitude line, noting that it "may be significantly changed" (which eventually happened). The curve and the associated 80 psf value actually comes from a 1953 article by Fritz Haber (which does not exclude the possibility of earlier sources) and the location of the Kármán Line crossing with the curve was probably chosen "manually" by Haley (implicitly setting k without any calculation).

Therefore, while Kármán should be credited for the idea of defining an altitude boundary of space based of lift being negligible compared to centrifugal force, he may not have endorsed -strictly speaking -the "illustrative" 83.82 km altitude set by Haley.

It should be emphasized that although Kármán's theory is elegant and simple, it is not the only possible one, since there are different ways to account for aerodynamic forces in the problem of separating atmospheric flight and spaceflight. Kármán's definition relies on lift, the one from USAF on aerodynamic controllability and McDowell's recent proposal [START_REF] Mcdowell | The edge of space: Revisiting the Kármán Line[END_REF] on drag (which is more a "satellite" point of view).

In any case, just like it is not possible to get a "clear cut" definition based on atmosphere characteristics (because they change continuously with altitude), it is neither possible through a definition based on aerodynamic forces for the same reason (because these forces depend on atmospheric density). From the purely scientific point of view, such theories are useful to obtain an order of magnitude or an altitude range, but the eventual decision of fixing a precise altitude for the beginning of space is necessarilyand at least partlyan arbitrary choice.

In a similar way as in McDowell's proposal (based on drag and gravity forces having equal amplitudes), the problem of selecting Kármán line's k ratio could be conveniently addressed by setting k = 50 % (meaning equal lift force and centrifugal force) which may be considered the "least arbitrary" choice. As an illustration: the same 390. However, this choice would differ from Kármán's "philosophy", which calls for k being close to 1 (i.e. negligible aerodynamic forces). In any case, a "boundary of space" theory also depends on particular assumptions on aerodynamics.

Provided the FAI altitude is based on the same theory (which is apparently confirmed by Haley [START_REF] Haley | Law and the Age of Space[END_REF]), the change from Haley's 83.82 km altitude to FAI's 100 km altitude can be explained by a change on one or both numerical assumptions (lift parameter and/or k), but there is not enough information available to cross-check this theory. The graphics in annex provide a global view of the relations between the different variables. In addition, we cannot exclude the possibility that the Kármán line theory and calculations may have been only a part of the decision elements. Indeed, FAI's explanations mention not only considerations on lift but also on aerodynamic controllability [START_REF] Sanz Fernández De Córdoba | 100km Altitude Boundary for Astronautics[END_REF] (which would be a common point with the USAF definition [START_REF] Jenkins | A Word about the definition of space[END_REF]).

As a matter of fact, Kármán, in a conference he made on his own after the setting of the FAI limit, proposed a range of altitude rather than a single one: between 91 km and 122 km (300,000-400,000 ft) [START_REF] Th | From Low Speed Aerodynamics to Astronautics[END_REF]. Considering an altitude range instead of a fixed value is consistent with the fact that the minimum achievable lift parameter cannot be set with absolute certainty. In addition, the variation of the atmospheric density profile (hence of the "lift barrier" curve) with solar flux is another source of uncertainty that may be considered to get an altitude range.

The middle value of Kármán's altitude range, 106.7 km (350,000 ft), is a credible candidate for a rounding to 100 km. Possible inputs that could explain this range are k = 99 % and a lift parameter in the 10-1000 kg/m 2 range. In this range, a 50 psf (244.1 kg/m 2 ) lift parameter corresponds nearly exactly to the 100 km altitude itself (99.57 km).

As confirmed in his autobiography [START_REF] Th | The Wind and Beyond: Theodore von Kármán-Pioneer in Aviation and Pathfinder in Space[END_REF], Kármán was actually not much interested in going beyond these considerations in order to fix a very precise boundary, as it is considered for the purpose of space law: I am sure that these knotty problems of law will not be solved in my lifetime. In any case I prefer not to speculate in this area but to return to the relative ease and comfort of solving purely scientific questions, or looking into the future of scientific development. Kármán (1881Kármán ( -1963) ) 

  suggested to him the possible use a diagram made by Masson and Gazley of the Rand Corporation to "show the regimes of atmospheric and extra atmospheric flight and to depict the jurisdictional boundary thereof".

Figure 1 -

 1 Figure 1 -"Masson & Gazley diagram" showing the corridor of continuous flight, as reproduced in Kármán's "Temperature barrier" paper [5]

"

  I have reproduced the Masson & Gazley right side curvethe so-called temperature barrier, or heat barriersimply to show the present state of the art, and thus arbitrarily to delimit the corridor of continuous flight. This line has nothing to do with the jurisdictional question as improved techniques in cooling and discovery of heat resisting material will undoubtedly change this curve". IAC-21-E4.2.4 Page 3 of 15

Figure 2 -

 2 Figure 2 -Haley's version of "Masson & Gazley diagram" from [4] After introducing the "aerodynamics boundary curve", Haley provides a numerical example illustrating for an "aeronautical flight" (as opposed to space flight), the respective contributions of lift and centrifugal force in the compensation of weight. The example is based on the altitude record performed on September 1956 by the X-2 vehicle [6]: "Consider the flight of Ivan C. Kincheloe, in which he took the X2 rocket plane to 126,000 feet altitude. His flight was strictly an aeronautical adventure and did not partake in space flight. At the altitude indicated aerodynamic lift carries 98 % of the weight and only 2% is centrifugal force" With this example, Haley introduces the ratio between centrifugal force and weight (in the context of the Masson & Gazley curve, which is stabilized flight).This parameter, which we denote k, is:

Figure 3 -

 3 Figure 3 -Sanger's diagram illustrating "all possible types of flight regimes" (from Haley's paper [4])

  & Gazley's diagram. Also, Sanger's diagram shows an "escape velocity" boundary curve which is lacking on the original Gazley & Masson version. It seems that Haley wanted to include this boundary on his modified version of Masson & Gazley's diagram, but the way he managed to link it with Masson & Gazley 's original curve is unclear (it does not correspond to the connexions shown on Sanger's diagram). It looks like the lift barrier was extended "manually" following a constant slope up to the region of escape velocity.

Figure 4

 4 Figure 4 is very similar to the Masson & Gazley's later version, save for the fact that no "corridor of flight" actually exists between the ground and the high altitude domain, due to the overlapping of the two boundary curves. As shown by the comparison of the two versions of the graphics, which are 3 years apart, the improvement in heat-resistance materials opened a feasible "corridor of flight".

Figure 4 -

 4 Figure 4 -Haber's diagram showing the "heat barrier"and "lift barrier" curves[START_REF] Fritz | The Heat Barrier[END_REF] 

1 2𝜌

 1 (ℎ)𝑉 2 = dynamic pressure (Pa)

Figure 5 -

 5 Figure 5 -Re-creation of the "lift barrier" curve

  Re-calculation of the 3 rd "known" variable h = 83.82 km V = 7620 m/s k = 94.37 % M/(S.CL) = 613 kg/m 2 [nominal: 390.6 kg/m 2 ] h = 83.82 km M/(S.CL) =390.6 kg/m 2 k = 91.44 % V = 7501 m/s [nominal: 7620 m/s] V = 7620 m/s M/(S.CL) =390.6 kg/m 2 k = 94.41 % h = 86.53 km [nominal: 83.82]

Figure 6 -

 6 Figure 6 -Haley's version of "Masson & Gazley's diagram" from [19] (version with no "Kármán primary jurisdictional line")

  6 kg/m 2 [80 psf] h = 87.22 km h = 96.73 km M/(S.CL) = 224.1 kg/m 2 [50 psf] h = 90.01 km h = 99.57 km M/(S.CL) = 227.7 kg/m 2 [46.6 psf] h = 90.43 km h = 100 km M/(S.CL) = 48.82 kg/m 2 [10 psf] h = 99.31 km h = 110.29 km Table 3 -"Kármán line altitude" for particular choices of k ratio and lift parameter A third possibility (beyond the change of a single parameter) is a simultaneous change of both parameters, which leads to a family of solutions.
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 4158 Figure 8 (in annex) details how altitude varies as a function of the lift parameter.However, this choice would differ from Kármán's "philosophy", which calls for k being close to 1 (i.e. negligible aerodynamic forces). In any case, a "boundary of space" theory also depends on particular assumptions on aerodynamics.

  was definitely right in this prediction. IAC-21-E4.2.4 Page 14 of 15

Figure 8 -Figure 9 -

 89 Figure 8 -Variation of altitude as a function of the lift parameter (M/(S.CL)) for different values of the centrifugal force to weight ratio (k)

Table 1 -

 1 Estimation of the centrifugal force to massratio (k) from 2 variables (SI units)

	Input variables	Estimated k	Re-calculation of the 3 rd
			"known" variable
	h = 275,000 ft	k = 94.37 %	M/(S.CL) = 125.6 psf
	V = 25,000 ft/s		[nominal: 80 psf]
	h = 275,000 ft	k = 91.44 %	V = 24609 ft/s
	M/(S.CL) =80 psf		[nominal: 25000 ft/s/s]
	V = 25,000 ft/s	k = 94.41 %	h = 283,900 ft
	M/(S.CL) =80 psf		[nominal: 275,000 ft]

Table 2 -

 2 Estimation of the centrifugal force to massratio (k) from 2 variables (imperial units)
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