A Learning-Curve Threshold Baseline for Fundable Active Debris Removal
Abstract
This paper estimates a real-data baseline for the minimum order of magnitude that an active debris removal program must address if it is meant to stabilize a high-risk derelict class. The dataset is built from the public CelesTrak SATCAT snapshot downloaded on 2026-06-27 . The analysis focuses on Earth-orbit rocket bodies because they are a public, well-defined, high-risk derelict class frequently implicated in long-run debris-remediation logic [7][8]. The paper aggregates annual rocket-body additions, decays, net change, and end-year stock from 1957 through 2026. A log-log learning curve estimates the relationship between end-year rocket-body stock plus one and years since 1957 plus one. The model has N = 70, R2 = 0.9618, elasticity b = 1.8483, and p = 1.55e-168 for the log-time coefficient. Recent annual net rocket-body growth from 2017 through 2026 averages 29.3 objects per year. The policy implication is direct: a funded removal program below that order of magnitude is unlikely to stabilize the tracked rocket-body baseline, even before mission cost and sub-catalog risk are considered.
Research Question
Noor Zhang’s prospectus asks whether removing top-N statistically massive derelicts pays off under realistic funding profiles [2][3][4][5]. That question requires a threshold. If even one removal per year produced a meaningful long-horizon benefit, then small demonstration programs could be treated as environmental remediation. If the stock grows faster than small removals can offset, then a token campaign may be valuable for learning but not for environmental ROI. The research question is therefore: what does the public catalog imply about the baseline scale that a rocket-body removal program must confront?
The paper does not claim to solve all active debris removal economics. It does not price missions, select named targets, or model collision cascades. It measures the stock-growth baseline for a high-risk derelict class. That baseline is the first hurdle for ROI. A program that cannot remove objects at a rate comparable to net stock growth should not be described as stabilizing the environment.
Data and Construction
The data come from CelesTrak SATCAT . I retained Earth-orbit records with object type R/B and valid launch dates. For each year from 1957 through 2026, I counted rocket-body additions by launch year, rocket-body decays by decay year, net change, and end-year stock. End-year stock counts rocket bodies launched by that year and not decayed by year end. The dependent variable is end-year rocket-body stock plus one. The explanatory variable is years since 1957 plus one. The file has 70 annual real-data observations, zero illustrative rows, and the source column is last.
This construction is narrower than the full debris environment by design. Rocket bodies are a tractable high-risk class. They are large, public in the catalog, and relevant to active-removal target selection. The threshold estimate should not be read as the threshold for every debris-removal program. It is a defensible public baseline for one important derelict class.
Method
The estimator is a learning curve: log end-year rocket-body stock plus one regressed on log years since 1957 plus one. The coefficient is an elasticity. It describes how rocket-body stock has scaled over the space age. The model is not a forecast and should not be extrapolated mechanically. It is a baseline for threshold reasoning. If the stock has grown as a scale process and recent net additions average about 29.3 objects per year, then one or two removals per year should be understood as demonstration or risk-reduction missions, not as stock stabilization.
The model fit is strong. R2 is 0.9618. The elasticity is 1.8483 with standard error 0.0668, p = 1.55e-168, and a 95 percent confidence interval from 1.7174 to 1.9793. The progress ratio 2^b is 3.6009. The intercept is 0.3455 with p = 0.1468. The recent net-growth baseline is also clear: for 2017 through 2026, annual additions minus decays average 29.3 rocket bodies per year and the median is 29.5.
Interpretation
The threshold implication is the paper’s central contribution. Under the public rocket-body baseline, a removal program must be evaluated against a stock-growth rate on the order of tens of objects per year, not merely against the fact that removal is technically useful. If annual removal is well below the recent net-growth baseline, the program may still generate important learning, demonstrate capture technology, retire one especially dangerous target, or reduce risk in a specific shell. But it should not be described as broadly stabilizing the tracked rocket-body stock.
This matters for ROI because cost is not linear in policy rhetoric. A mission that removes one object can be expensive even if it is technically successful. If a program removes fewer objects than the baseline stock growth, its environmental return must come from exceptionally well-selected targets, not from stock reduction. That makes Paper 1’s spatial targeting result important. The best portfolio is not simply a higher count. It is a set of removals that combines high size proxy, persistent shell, meaningful collision consequence, and feasible mission design [7][8].
Contribution to the Dissertation
This paper supplies the temporal threshold layer. Paper 1 shows that derelict size-proxy pressure is concentrated by regime. Paper 2 shows that the high-risk rocket-body class has a measurable stock-growth baseline. Together, the papers make the dissertation falsifiable. The null hypothesis says any positive removal rate has a positive long-horizon benefit. The alternative says a non-trivial threshold exists. The empirical evidence supports the need to test the threshold rather than assume it away.
The dissertation can now ask fundable questions. If a funding profile supports two removals per year, what risk reduction would those targets need to provide to beat the stock-growth baseline? If it supports ten removals per year, does target selection produce enough risk-proxy reduction in the most consequential shells? If it supports thirty or more removals per year, does the program begin to stabilize the rocket-body stock while also removing high-proxy objects? This is the correct managerial framing.
Limitations
The analysis is intentionally bounded. Rocket bodies are not the only derelict class. SATCAT does not include sub-catalog debris. The learning curve is descriptive and not causal. The recent net-growth threshold can move if launch practice, disposal compliance, mission design, or cataloging changes. These limitations are reasons for sensitivity analysis, not reasons to abandon the threshold question. A real ROI model should report the threshold under multiple cost, removal, traffic, and environment assumptions.
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Specification

Results
	Term
	Coef.
	Std. err.
	t
	p
	95% CI

	const
	0.3455
	0.2381
	1.451
	0.1468
	[-0.1212, 0.8122]

	_ln_x
	1.8483
	0.0668
	27.6711
	1.555e-168
	[1.7174, 1.9793]


Fit: N = 70 R2 = 0.9618 elasticity_b = 1.8483 progress_ratio_2^b = 3.6009
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Figure 1. Log-log learning curve for tracked Earth-orbit rocket-body stock growth.
Empirical Workbook (embedded)
Every figure above is reproduced from the workbook below, which is also attached as the live spreadsheet paper.xlsx. Each observation carries its source.
Data (real observations)
	year
	years_since_1957_plus_one
	annual_rocket_body_additions
	annual_rocket_body_decays
	net_rocket_body_change
	end_year_rocket_body_stock
	end_year_rocket_body_stock_plus_one
	source

	1957
	1
	1
	1
	0
	0
	1
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1958
	2
	2
	1
	1
	1
	2
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1959
	3
	3
	0
	3
	4
	5
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1960
	4
	10
	3
	7
	11
	12
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1961
	5
	14
	11
	3
	14
	15
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1962
	6
	38
	21
	17
	31
	32
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1963
	7
	31
	20
	11
	42
	43
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1964
	8
	52
	31
	21
	63
	64
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1965
	9
	88
	49
	39
	102
	103
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1966
	10
	88
	56
	32
	134
	135
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1967
	11
	107
	74
	33
	167
	168
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1968
	12
	101
	70
	31
	198
	199
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1969
	13
	95
	72
	23
	221
	222
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1970
	14
	105
	72
	33
	254
	255
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1971
	15
	108
	61
	47
	301
	302
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1972
	16
	109
	65
	44
	345
	346
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1973
	17
	118
	80
	38
	383
	384
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1974
	18
	122
	78
	44
	427
	428
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1975
	19
	143
	79
	64
	491
	492
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1976
	20
	150
	90
	60
	551
	552
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1977
	21
	146
	90
	56
	607
	608
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1978
	22
	143
	96
	47
	654
	655
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1979
	23
	131
	107
	24
	678
	679
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1980
	24
	131
	110
	21
	699
	700
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1981
	25
	151
	109
	42
	741
	742
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1982
	26
	150
	108
	42
	783
	784
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1983
	27
	169
	104
	65
	848
	849
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1984
	28
	179
	106
	73
	921
	922
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1985
	29
	167
	83
	84
	1005
	1006
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1986
	30
	136
	98
	38
	1043
	1044
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1987
	31
	145
	90
	55
	1098
	1099
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1988
	32
	152
	110
	42
	1140
	1141
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1989
	33
	149
	114
	35
	1175
	1176
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1990
	34
	167
	107
	60
	1235
	1236
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1991
	35
	120
	87
	33
	1268
	1269
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1992
	36
	135
	75
	60
	1328
	1329
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1993
	37
	106
	55
	51
	1379
	1380
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1994
	38
	128
	66
	62
	1441
	1442
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1995
	39
	93
	51
	42
	1483
	1484
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1996
	40
	87
	50
	37
	1520
	1521
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1997
	41
	97
	51
	46
	1566
	1567
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1998
	42
	86
	72
	14
	1580
	1581
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	1999
	43
	94
	81
	13
	1593
	1594
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	2000
	44
	105
	96
	9
	1602
	1603
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	2001
	45
	69
	83
	-14
	1588
	1589
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	2002
	46
	68
	70
	-2
	1586
	1587
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	2003
	47
	70
	47
	23
	1609
	1610
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	2004
	48
	71
	53
	18
	1627
	1628
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	2005
	49
	57
	44
	13
	1640
	1641
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	2006
	50
	68
	38
	30
	1670
	1671
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	2007
	51
	70
	37
	33
	1703
	1704
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	2008
	52
	74
	39
	35
	1738
	1739
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	2009
	53
	73
	39
	34
	1772
	1773
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	2010
	54
	68
	27
	41
	1813
	1814
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	2011
	55
	68
	45
	23
	1836
	1837
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	2012
	56
	73
	46
	27
	1863
	1864
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	2013
	57
	68
	42
	26
	1889
	1890
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	2014
	58
	77
	50
	27
	1916
	1917
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	2015
	59
	79
	39
	40
	1956
	1957
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	2016
	60
	72
	40
	32
	1988
	1989
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	2017
	61
	69
	33
	36
	2024
	2025
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	2018
	62
	91
	29
	62
	2086
	2087
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	2019
	63
	83
	54
	29
	2115
	2116
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	2020
	64
	67
	48
	19
	2134
	2135
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	2021
	65
	86
	56
	30
	2164
	2165
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	2022
	66
	110
	66
	44
	2208
	2209
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	2023
	67
	116
	93
	23
	2231
	2232
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	2024
	68
	120
	112
	8
	2239
	2240
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	2025
	69
	143
	108
	35
	2274
	2275
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column

	2026
	70
	60
	53
	7
	2281
	2282
	CelesTrak SATCAT public CSV snapshot downloaded 2026-06-27 from https://celestrak.org/pub/satcat.csv; aggregate row derived from NORAD catalog records with source retained in final column


Variable construction
	Variable
	Definition
	Construction / source

	end_year_rocket_body_stock_plus_one
	One plus end-of-year tracked Earth-orbit rocket-body stock
	Count of Earth-orbit SATCAT OBJECT_TYPE R/B records launched by year and not decayed by year end

	years_since_1957_plus_one
	One plus elapsed years since 1957
	year minus 1957 plus one

	annual_rocket_body_additions
	Annual rocket-body additions
	SATCAT OBJECT_TYPE R/B records by launch year

	annual_rocket_body_decays
	Annual rocket-body decays
	SATCAT OBJECT_TYPE R/B records by decay year

	net_rocket_body_change
	Annual additions minus annual decays
	Derived from launch and decay year aggregates


Estimator output
	Term
	Coef.
	Std. err.
	t
	p
	95% CI

	const
	0.3455
	0.2381
	1.451
	0.1468
	[-0.1212, 0.8122]

	_ln_x
	1.8483
	0.0668
	27.6711
	1.555e-168
	[1.7174, 1.9793]


Fit: N = 70 R2 = 0.9618 elasticity_b = 1.8483 progress_ratio_2^b = 3.6009
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