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Abstract

High scores in coordination detection can reward benchmark artifacts while concealing unreliable
operating thresholds. PHANTOM rejected attractive listening benchmarks when origin, catalog and
duplicate shortcuts could explain performance; even perfect raw ranking failed threshold transfer. We
develop structure-preserving controlled interventions and a relational detector normalized against a
local conditional permutation reference. The population detector targets a declared recurring coor-
dination pattern that the intervention deliberately instantiates. Controlled transfer across separate
ListenBrainz populations culminates in a prospectively committed, pre-access holdout evaluation: 378
of 378 treatments and none of 378 matched controls alert across 42 source groups, with AUC 1.000.
These labels denote controlled interventions on observed histories, and repeated worlds share back-
ground. The holdout tests a new population under the same intervention family, rather than universal
coordination detection. Historical reconstruction fully recovers member and target sets for 154 of 168
parents, but common-stimulus and shifted-overlap tests defeat broader operating claims. Applying
observational-equivalence reasoning shows why event-only evidence cannot settle intent. PHANTOM
therefore supports investigation by presenting structural evidence, alternative explanations and gaps
in provenance. Its contribution is the empirical separation of benchmark validity, conditional transfer
and causal interpretation.

In plain English. Synchronized listening can be structurally unusual without revealing intent. Early
high-scoring benchmarks were rejected when shortcuts were discovered. Across two controlled Lis-
tenBrainz populations, the frozen detector separated planted coordination from matched controls, but
common-stimulus tests showed that event patterns alone cannot determine whether coordination re-
flects manipulation or a shared external trigger. PHANTOM therefore presents structural evidence and
uncertainty to support investigation.

1 Introduction

Synchronized listening can be structurally unusual without revealing why people listened together. A
shared broadcast and an organized manipulation campaign can align the same listeners, recordings and
times. PHANTOM asks how a detector can provide useful structural evidence when benchmark artifacts,
threshold instability and missing causal information each threaten its interpretation.

We rejected high-scoring early benchmarks when origin, catalog and duplicate shortcuts could explain
their scores. Even after those shortcuts were repaired, perfect raw ranking coexisted with 22 alerts among
180 controls at the frozen threshold. We therefore asked whether a locally normalized rule could retain its
operating behavior on another observed population, and where the evidence would stop being informative.
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PHANTOM'’s population detector targets a specific recurring coordination pattern: the selector requires
supported recurring structure, and the planted intervention deliberately instantiates it. The holdout tests
the fixed rule on new observed background under the same intervention family. Separate historical recon-
struction and common-stimulus/overlap tests expose boundaries that population separation alone cannot
resolve.

Contributions.

1. Benchmark validity. A benchmark development methodology shows how origin, catalog, du-
plicate and calibration shortcuts can create misleading coordination results. Structure-preserving
counterfactual construction addresses the identified shortcuts.

2. Conditional structural transfer. A locally normalized relational method transfers across separate
observed ListenBrainz populations under a fixed controlled mechanism. Failed raw/global threshold
transfer provides the historical comparison; a separate internal holdout supplies bounded graph
reconstruction evidence.

3. Failure boundaries and interpretation. Common-stimulus and overlap failures delimit broader
claims and motivate an investigation architecture that preserves evidence, alternatives and missing
provenance while withholding event-only intent judgments.

Permutation testing, MAD scaling, group detection and observational equivalence are established methods.
The contribution is the connected empirical account and the restrictions it places on the resulting system.

2 Related work and comparison scope

CopyCatch detects temporal lockstep behavior [2]; CatchSync uses unusual, synchronized connectivity
and can operate without timing data [7]; FRAUDAR studies dense bipartite patterns under camouflage [4].
Behavioral-trace networks [8] and dynamic coordination communities [14] broaden the structural setting.
Tardelli et al. include malicious and other coordination: separating structure from intent is established
context. CopyCatch, CatchSync and FRAUDAR were not run as matched empirical baselines in PHAN-
TOM.

Temporal-network randomization defines anomalies through preserved constraints [3]. PHANTOM
uses established median/MAD scaling [11] and a nonzero finite-randomization comparison [10]. Ex-
changeability for ordinary common-stimulus listening remains a separate assumption. The empirical ques-
tion is whether the fixed combination transfers within the declared construction.

PISA addresses repeat-aware listening recommendation [16]; its dataset [15] supplies histories rather
than verified fraud labels. SAGE addresses negative harvesting for streaming fraud in a different contextual
and labeling regime [17]. Its WSDM Companion publication is relevant context, not a matched comparison.
A comparable baseline experiment would need equivalent inputs, tuning populations and evaluation units.

Causal interpretation requires assumptions beyond observed associations [9]. Shalizi and Thomas ana-
lyze confounding among homophily, contagion and covariate effects in observational networks [13]. We
apply observational-equivalence reasoning to the PHANTOM event-only setting. Guidance on communi-
cating scope and fallibility informs the investigation interface [1]; analyst effectiveness remains unmea-
sured.

Recent temporal and multiplex coordination work [6] emphasizes representation choice. BAG [5] com-
pares anomaly detection at node and edge levels, whereas PHANTOM evaluates constructed worlds and
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original parents. Graph Evidential Learning [18] models graph and reconstruction uncertainty; PHAN-
TOM'’s retained causal alternatives are not learned uncertainty distributions. Selection-aware recommen-
dation evaluation [12] addresses a related evaluation concern, although PHANTOM does not estimate
inverse-propensity effects.

3 Data, observation and provenance

Evaluation units. A world is one detector input: observed background plus a controlled treatment or
matched control assignment. A source group (or block) contains the background listeners reused across
several worlds. A parent is an original planted campaign whose members and targets reconstruction at-
tempts to recover. Control alert rate is the fraction of control worlds with an alert, not a verified real-world
false-positive rate.

3.1 Deezer: source scale and experimental scale

The audit covers 704,728,520 events from 3,444,027 users across 184 UTC dates, March through August
2022. Event files contain 43,803 observed track identifiers; the separate embedding file contains 50,000
rows. There are 500 event parquet files and one embedding file. Integer user, track, session and timestamp
fields have no reported nulls in the audited representation. Source scale describes ingestion and auditing,
not the number of events passed simultaneously through the frozen graph detector.

All 70,472,852 source sessions contain exactly ten records. This regularity prevents assuming that the
release’s sessions represent naturally delimited listening episodes. Same-second events have no established
within-second order. Embedding temporal provenance is unresolved, limiting claims about prospective
embedding-based evaluation. These limitations concern the release representation; they are not behavioral
conclusions about listeners.

The audit identifies 2,435,880 excess exact duplicate rows, about 0.3456% of events, affecting 496,504
users. Actor-level distortion can be substantial even when the global duplicate rate is small. Ingestion
retains duplicates for auditability; reconstruction uses unique events and reports multiplicity separately.
Retaining the source records documents the release; deduplication prevents repeated identical rows from
manufacturing graph evidence.

The bounded development sample contains 671,410 rows, 3,252 complete release-relative histories and
19,380 tracks. Completeness means within the available release, not lifetime listening. Full-source auditing
used disk-backed DuckDB processing, a 3 GB memory cap, four threads and 64 buckets. It did not load
all events into a single pandas frame or NetworkX graph. The graph experiment later uses much smaller
source blocks.

3.2 ListenBrainz external population

Both ListenBrainz evaluations use snapshot 2723, dated 15 October 2026. A snapshot publication date
differs from the dates of the events it contains: this snapshot supplies both the May 2022 and September
2026 windows. External validation is restricted to 1 May 2022 inclusive through 29 May exclusive. The
source-window audit records 16,006,621 events and 16,783 listeners. Requiring at least ten events and two
distinct items leaves 16,185 eligible listeners. Predeclared selection retains 4,032 listeners in 42 disjoint
groups of 96, with 4,004,802 original events. Histories are complete within this source window only.
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The selected projection has 1,391,257 recording-MSID keys. This is an identifier count, not a count of
verified unique audio recordings. Identities are source-specific; equal integers across datasets would not
imply the same listener or recording. May acquisition retained three required event columns from nine
relevant archive partitions via byte ranges; the full archive remained remote and September final listener
histories were not accessed. The external audit reports embedded CC0O documentation for its source. That
does not license unrelated Deezer records or every project artifact.

3.3 Labels, rights and missing context

Real histories supply observations. The treatment, protected parent labels and matched control are con-
structed for research. No ListenBrainz participant is identified as a real fraud actor. Neither source supplies
the device, exposure, IP, geography, referral, organizer or reliable listening-duration evidence needed to
settle many causal questions.

The visible Deezer release page did not resolve redistribution rights during this review. A repository’s
code license would not settle dataset rights. The publication package therefore uses aggregate evidence
and synthetic demonstration material; raw source records are excluded from the public repository. Any
additional data redistribution requires separate rights clearance. Local source maps preserve identities for
internal review, but their absolute paths are not automatically public-release content.

4 Benchmark validity before detector performance

4.1 Origin, catalog and session shortcuts

The early simulator combined six campaign families, three difficulty levels and four popularity regimes.
Generated actors and observed background differed in ways that revealed origin independently of coordi-
nation. A logistic baseline looked useful on campaign detection, but synthetic-neutral actors alerted much
more often than observed background. Session-sensitive features were especially problematic because
source sessions were fixed-size blocks.

Session removal was necessary but insufficient: neutral alerts remained 12.08% against 4.79% observed-
background alerts. Observed background was unlabeled, so this is a benchmark-shift diagnostic, not real-
world specificity. Catalog and calendar probes exposed further generated/observed differences. All 72
relational candidates in one realism stage failed augmented-origin gates; their detection performance was
not accepted as scientific evidence.

A feature can improve AUC by identifying a simulator instead of the intended target. Testing only gen-
erated positives against observed background would not expose that problem. Explicit neutral and origin
probes therefore precede performance interpretation. Passing those probes rules out identified shortcuts,
not every possible confounder. This distinction motivates documenting rejected constructions rather than
reporting only the best-looking accepted score.

4.2 Counterfactual pairs and collision-safe reassignment

An additive intervention changed actor marginals even when paired with a sham addition. A subsequent
structure-preserving reassignment held per-actor item and timestamp multisets fixed, but changed seman-
tic duplicate counts in 20/180 pairs. That processing defect invalidated the relational comparison before
detector performance could be interpreted.
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Collision-safe construction repairs this defect. Treatment and control preserve actor identity, row
counts, item multisets, timestamp multisets and declared duplicate invariants, while changing cross-actor
item alignment. The controlled recurring schedule has 32 slots and eight observed items repeated four
times; difficulty changes synchronized slots at 32, 24 and 16. This is a specific relational intervention, not
a universal model of real coordination.

Treatment
align selected item

/ assignments \
One observed history Compare

. structure
fixed actors, rows synthetic labels

and times shared history
Matched control
collision-safe

reassignment

Preserve each actor's item multiset and timestamp multiset; check semantic duplicates.

Figure 1: Matched construction changes relational assignment while preserving declared actor marginals. Paired
worlds share histories. Synthetic labels describe the intervention and do not label real participants’ intent.

For event multiset £ = {(r,u,i,t)}, let M,, and T,, denote selected item and timestamp multisets.
Admissible pairs require
My =M, Ty =17, |Bg] =B (M

Background rows remain fixed. Duplicate invariants are additional checks, not consequences of these
equalities. Item-time association can change: this is exactly the intervention. Thus preserving marginals
does not imply preserving every imaginable joint per-actor feature. Claims about reduced leakage are
supported by specified probes, not a proof that every actor statistic is identical.

Whole source blocks and campaigns define splits. Shared histories within pairs, repeated difficulties
and construction seeds induce dependence. Many worlds are not equally many independent populations.
Development, previously used historical validation and external evaluation remain separate.

5 A population-level relational-surprise detector

5.1 Coactivity and its opportunities

Let () be the set of unique (u,1,b) triples, with b = |¢/60]. Let n; count actors on item 7 in bin b,
Ny = ), nj, count actor-item presences, and d,,;, count actor u’s distinct items in that bin. The inherited
population coactivity statistic is

> ipMib(nip — 1)
max{1, >, [Ny (Ny — 1) — >, dup(dup — D]}

C(E) = (2)
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The numerator counts ordered same-item cross-actor coincidences. The denominator counts ordered cross-
actor opportunities, including different items while excluding within-actor pairs. The optimized null imple-
mentation uses fixed-background sufficient counts to compute this statistic exactly. It is a population-level
structural score, not an individual risk or fraud probability.

5.2 A restrictive visible schedule

The frozen selector requires exact timestamp groups with at least eight distinct users, each present once.
The same actor set must occur exactly 32 times, occupy 32 distinct minute bins and span at least 27 days.
Exactly one qualifying actor-set group must exist; otherwise the method fails closed as unsupported. This
narrow selector is part of the method and must accompany any transfer claim.

For an eligible world, each selected actor’s sorted item multiset is independently permuted across se-
lected slots, using 4,095 draws and seed 41101. Times, identities and background remain fixed. The null
asks what coactivity would arise under exchangeable selected item assignments conditional on the pre-
served schedule. Common external stimuli can violate this assumption. Rejecting it can reveal unusual
coordination without identifying why it occurred.

5.3 Normalization and threshold
For null values CV. ..., CB) define

m = median, C("), s = 1.4826 median, |C") — m], (3)
Z(E)=(C(E)—m)/s when s > 0. (4)

If s = 0, the implementation returns zero when C'(E) = m, 10'2 when larger and —10'2 when smaller.
These sentinels preserve order; they are not extreme Gaussian measurements. The frozen alert rule is
Z > 3.0. The 1.4826 factor is a normal-reference MAD convention, not a guarantee that Z has normal
tails.

Coactivity C Local permutations Robust
from unique triples |——» median m _— ((cj)-uni) ?’;‘é‘;fs
(u, i, bin) scale 1.4826 MAD

4095 draws; alert at excess >= 3. Zero-scale rule is explicit.

Definition schematic: no fitted density, Gaussian tail probability or invented observations.

Figure 2: Conditional local normalization. This schematic contains no fitted density or invented observations. A
robust-excess threshold is not a causal probability or Gaussian significance level.

Perfect ranking is distinct from transferable operating behavior. Table 1 reports the failed raw/global
calibration results alongside conditional normalization and its later population transfers.
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Table 1: Historical method comparison. Every row has perfect ranking; operating thresholds differ. Global and local
development procedures use the same eight blocks but different fit/calibration designs; validation and transfer rows
use other populations. This is not one head-to-head test. AUC is mean block (also 1.000 pooled where recorded);
the raw row reports pooled and all four block AUCs. Control counts and pooled rates use worlds; worst-block rates
retain source grouping. n/r: not recorded in the cited aggregate. Global procedures and the local empirical tail fail
the worst-block requirement; local robust excess passes the declared development gates.

Method Evaluation population AUC Control alerts Worst block
(pooled)

Raw fitted-score threshold Historical validation (4 1.000 22/180 (12.22%) n/r
blocks)

Global pooled 95th percentile  Development (8 blocks) 1.000  23/180 (12.78%) 41.67%

Global maximum block 95th Development (8 blocks) 1.000 22/180 (12.22%) 38.89%

percentile

Global maximum calibration =~ Development (8 blocks) 1.000 12/180 (6.67%) 29.63%

control

Local empirical tail Development (8 blocks) 1.000 6/180 (3.33%) 11.11%

Local robust excess Development (8 blocks) 1.000 0/180 (0%) 0%

Frozen local robust excess External May 2022 (42 1.000 0/378 (0%) 0%
groups)

Frozen local robust excess Pre-access September 2026  1.000  0/378 (0%) 0%

(42 groups)

6 Controlled external-population validation

The external test freezes the selector, null, 4,095 draws and threshold before use on ListenBrainz. Sampling
uses seed 41201; construction uses seeds 41211-41213. Forty-two groups, three seeds and three difficulties
yield 42 x 3 x 3 = 378 treatment/control pairs and 756 worlds. Pairs share histories, and multiple pairs
share a source group.

Frozen outputs record AUC 1.000, treatment detection 100%, control alerts 0/378 and worst-group con-
trol alert rate 0%. AUC describes ranking across the constructed labels; detection and alert counts describe
behavior at the fixed threshold. These are external-population results under controlled planted coordina-
tion, not real fraud classification. Changing the population while retaining the intervention family tests a
useful but bounded form of transfer.

Whole-group resampling yields degenerate summaries because every observed group has perfect out-
comes. The final-evaluation section explains their uncertainty limitation; the supplement retains the his-
torical bootstrap details.

The external result supports controlled population transfer of the frozen detector. Reconstruction and
investigation retain their separate evaluation populations.

7 Campaign reconstruction from semantic presence

7.1 Representation and burst support

A population alert does not identify a usable investigation object. Reconstruction needs members, targets,
periods and supporting relationships. The accepted reconstruction method restricts events to 1-28 May
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2022 UTC in the Deezer listening-events dataset and reduces repeated (u, i, t) rows to one unique event
(a semantic atom), retaining multiplicity descriptively. Exact duplicate rows consequently cannot manu-
facture additional presence-based evidence. Canonical actor order uses item/time fingerprints; ambiguous
fingerprints trigger abstention rather than arbitrary identity-based tie breaking.

The burst selector groups sorted atoms when consecutive gaps are at most 600 seconds. A qualifying
burst needs at least eight distinct users and at least eight atoms from users appearing once in that burst.
Each selected actor must occur in at least eight qualifying bursts. This actor filter is applied once, after
which retained groups must contain at least two selected atoms. Multi-atom actor cells are not converted
into randomized singleton observations. The procedure encodes a recurring burst support assumption; it
is not a graph over every audited event.

7.2 A fixed catalog candidate family

Connect active actors when their selected catalogs share at least three items and have Jaccard similarity
at least 0.10. Connected components with at least three actors form candidate pools. Within-actor item
permutations preserve this catalog graph, keeping the candidate family fixed under the null. Connectivity
alone does not establish an alert.

For actor u at selected burst slot s, write item i, and time ¢,. Pair evidence at bin width A is

wi(ﬁ)) = Z ivs = dvs]1[[tus/h] = [tvs/h]]. (5)
$€ESuNSy
Consensus takes the smaller 60- and 300-second pair counts. Pooling averages over all unordered pairs,
including zero contributions:

—1
16 = (7)) X minwl, o). ©

{uvic@

The complete-pair denominator prevents a few strong edges from portraying a large sparse component as
uniformly coordinated. Since the two fixed bin systems share an origin and are nested, agreement is not
independent evidence of arbitrary time-shift robustness.

7.3 Conditional null and fragment association

The accepted null uses 511 within-actor selected-item permutations and seed 55101, preserving catalogs,
presence and times. Observed and null pooled statistics receive the same median/MAD standardization.
Let Z,; denote the observed normalized score and Zggr) its null counterpart. With M (") = max, Zér) over
the fixed family,

1y M) > )

by = 512 : (7)
The frozen rule requires Z;, > 3 and p;, < 0.01. Resolution is 1/512. Although the code names this a
familywise comparison, interpretation depends on randomization validity, fixed candidates and estimated
standardization. A maximum alone does not prove error control for organic listening.

Admitted components link when target Jaccard is at least 0.25 and period overlap is at least half the
shorter interval. Targets are catalog items shared by at least two selected members, some without direct
temporal support. That distinction is reported. A merged object retains constituent component statistics;
it receives no invented joint p-value or organizer claim. Linking fragments is structural bookkeeping, not
evidence of one causal authority.
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Pool all internal pairs

511 null draws
—_— 60/300 consensus
fixed fragment links

Fixed catalog Fixed catalog
component 1 component 2

Illustration only. Shared catalog geometry does not itself establish an alert or cause.

Figure 3: Illustrative graph workflow; nodes do not represent observed people. Fixed catalog pools are tested for
temporal surprise, then associated using target and period overlap. No joint merged significance is invented.

8 Reconstruction evaluation and rejected alternatives

Development uses six Deezer source blocks, 759 observed users and 50,523 original events. The external
ListenBrainz numerical population was excluded from reconstruction tuning. Seven regimes, three levels,
two seeds and six blocks produce 252 pairs, with two treatment parents per world. The selected method
reaches member F1 0.9067 and 2/252 control alerts. The selected method combines burst-conditioned sup-
port, consensus timing and fragment links; other investigated graph variants have different evidence.

The historical internal holdout contains two reserved Deezer blocks, 84 treatment/control pairs and 168
original treatment parents (two planted campaigns per treatment world). The saved candidate objects
exactly recover member and target sets for 154/168 parents (91.67%); there are no partial member/target
recoveries, and 14 parents are missed and unmatched. There are no unmatched predicted candidates.
Each parent contributes either one or zero to member precision, recall, F1 and target F1, explaining their
common mean 154/168 = 11/12 = 0.916.

At the world level, 76 treatments recover both parents, two recover one, and six recover neither. Re-
covery is uneven: all 14 missed parents occur in the hardest level-3 reduced-participation and gradual-
evolution cells, where recovery falls to 1/8 in each; every other regime-difficulty cell recovers 8/8. The
strong pooled average masks severe degradation in these two hard cases (Table 2). The two holdout blocks
recover 78/84 and 76/84 parents respectively. The designated fragmented regime recovers both protected
halves in the same matched object for all 24/24 parents. This fragment criterion differs from general parent
recovery.

Structural ambiguity is not separately coded in the frozen holdout payload, so a missed parent cannot
be assigned an ambiguity-abstention cause. Every recovered object explicitly withholds fraud attribution;
that causal abstention is distinct from structural recovery. Control alerts are 0/84 and original-only alerts
0/2. Exact duplicate perturbations preserve output. The supplementary parent table gives the full regime-
difficulty breakdown and checks exact-set recovery against the saved world metrics.

The evaluation uses one-to-one parent/object assignment by member F1, with unmatched parents scored
zero. For matched membership sets P, T', precisionis |PNT|/| P|,recall |PNT|/|T|,and F1 2| PNT| /(| P|+
|T"|). Aggregation follows per-parent computation. One must not recompute aggregate F1 from unrelated
aggregate precision and recall. Targets and fragment recovery use separate definitions and denominators.
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Table 2: Exact member-and-target recovery by regime and difficulty in the internal holdout, from the existing frozen
per-parent outputs. Bold cells account for all 14 misses (seven each). The supplement retains the full detailed record.

Regime Level 1 Level 2 Level3
Broader targets 8/8 8/8 8/8
Distributed 8/8 8/8 8/8
Fragmented 8/8 8/8 8/8
Gradual evolution 8/8 8/8 1/8
Low signal 8/8 8/8 8/8
Reduced participation 8/8 8/8 1/8
Weak temporal 8/8 8/8 8/8

Overall: 154/168 recovered (91.67%)

Table 3: Primary evidence by stage. Populations, tasks and denominators are distinct; no overall accuracy score is
implied. Final metrics are confirmed from frozen outputs, with the original verifier failure preserved.

Evidence stage Population Task Result Interpretation limit
External May 2022 ListenBrainz; External AUC 1.000; 378/378 Synthetic intervention
validation 4,032 listeners; 42 controlled treatments; 0/378 labels; already-used
groups; 378 pairs detection controls external validation.
Internal Two historical holdout Graph 154/168 parents fully ~ Small internal
reconstruction blocks; 84 pairs; 168 reconstruction recovered; 0/84 holdout; no external
holdout parents controls graph validation.
Historical stress ~ Six reused development Hard-negative Popularity/release Overall moderate

tests

Investigation
development

Pre-access
holdout

blocks; 12 moderate
worlds per shock family

321 synthetic worlds; 480
candidates; 477 parents

September 2026
ListenBrainz; 4,032
listeners; 42 groups; 378
pairs

robustness

Investigation
development

Pre-access
controlled
detection

shocks: 12/12 alerts
each; shifted-overlap
F10.3636

416/480 candidates
reviewable; 327/477
parents covered
Block/pooled AUC
1.000; 378/378
treatments; 0/378
controls

operating region
failed.

Coverage differs by
denominator; analyst
utility unmeasured.
Same intervention
family; new

background.

An appealing simple catalog method alerted on every control. Initial graph nulls also produced large
control alert rates, while duplicate-sensitive singleton logic allowed representation artifacts to change
behavior. These failures motivated semantic presence, better conditioning and pooled candidates. Com-
paring only against a weak implementation would obscure why the accepted method was selected.

Post-veto member F1 scores parents removed by a veto as zero. A hybrid behavioral veto reduced this
measure from roughly 0.9067 to 0.5357, erasing structurally supported cases even as control alert rate fell.
Non-veto augmentation preserved the core but produced zero added within-block ranking gain across 210
comparisons and failed other stability/cost gates. Both were rejected. The final system has no successful
behavioral fusion claim, GNN contribution or independently validated learned risk score.

10
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9 Robustness includes the failure region

Stress testing reuses six development blocks and imports the accepted core unchanged. Primary scores re-
tain original member/target truth even when actors or targets disappear from view. Secondary surviving-
truth analyses score only the portion of the original truth still visible after perturbation, distinguishing
lost evidence from residual reconstruction failure. This denominator choice matters: removing half the
actors while retaining the original recovery target necessarily changes attainable recovery.

Separate moderate settings yield member F1 0.7687 for 25% actor loss, 0.8757 for 25% target loss, 0.8981
for 25% event thinning, 0.9167 for 30-second jitter and 0.7540 for a 75% prefix. A bounded four-disjoint-
campaign panel yields F1 1.000. These results apply to sampled separate perturbations, not their combi-
nations or interpolated severities. Nonmonotonic outcomes are retained rather than smoothed into an
invented degradation curve. The identical-looking jitter mean is a different fraction: 231/252 parents fully
recovered, versus 154/168 in the reconstruction holdout. The jitter panel uses six development blocks; its
equality to 11/12 is numerical, not repeated recovery of the same parents.

25% actor dropout {1 @ Member F1 o X
X Target F1

25% target dropout - X @ |
25% event thinning [ ] i |
30-second jitter - ] 11

75% observed prefix 1 L] b I
Four disjoint campaigns @

25% overlap, simultaneous A ® X

25% overlap, shifted ® 1 ——

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Reconstruction score Control-world alert proportion

Historical development only; perturbations tested separately.
Popularity/release shocks additionally alerted 12/12 each.

Figure 4: Historical stress results transcribed from the frozen moderate-gate table. Successful individual pertur-
bations do not establish a safe joint operating region. Reconstruction F1 and control-world alert rate are different
quantities.

Time-shifted 25% overlap yields member and target F1 0.3636 and alerts on every control in its panel;
simultaneous overlap behaves differently. Popularity-shock and release-event controls each alert in 12/12
moderate worlds, with background absorption 0.2544 (the fraction of background actors included in pre-
dicted groups) and stress absorption 0.3376 (the corresponding rate within designated stress cohorts). Rou-
tine listening alerts in 2/12 worlds. Severe missingness yields member F1 0.5365 at 50% actor loss, target
F1 0.5572 at 50% target loss, and member F1 0.2913 at a 25% prefix. The overall predeclared moderate
operating region failed.

11
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A shared broadcast can create real alignment that violates the conditional null. Such an alert may be a
valid structural observation while failing a benchmark gate intended to suppress common-cause controls.
Relabeling the output after the fact does not make that gate pass. The appropriate response is to preserve
the failure and distinguish structural evidence from cause and actionability.

10 Observational equivalence and causal attribution

Following observational-identification precedent [9, 13], we apply observational-equivalence reasoning to
the PHANTOM event-only setting.

Conditioning away common-cause structure suppressed shocks but also erased shifted coordinated par-
ents. Partial routine and overlap repairs did not satisfy the combined gate. The resulting question was
informational: if hidden causal accounts produce exactly the same visible events, what could an event-
only method distinguish?

Let H4 mean intentional coordination and Hp a recurring external stimulus. Suppose both produce
X = z. A deterministic method receives the same input. For a randomized method f(X,U) whose
random variable U has a law independent of the hidden account,

LUAX,U) | Ha, X =) = L(F(X,U) | Hp, X = ). (®)

Here X contains all permitted detector inputs; the comparison fixes the same visible array and gives U
the same distribution under both accounts. For any output set A, integrating 1{ f(z,u) € A} against that
common law yields the same probability. This is an identical-input implication, not a claim that arbitrary
observational distributions identify a cause. Feature transformations of = cannot manufacture the missing
distinction. Six constructed causal-twin fixtures demonstrate the construction; they are evaluator cases,
not observed real-world causal examples. They do not show that all real cases are twins, or that richer
provenance cannot distinguish causes.

Intentional coordination
hidden causal account A

Recurring external /

stimulus
hidden causal account B

Identical visible Same distribution

event array X of f(X, U)

The distinction requires additional provenance or assumptions, not a stronger score on the same X.

Figure 5: Different causal explanations can give identical detector-visible events. The limit concerns the supplied
information, not every possible investigation or every fraud-detection task.

A gate conflict makes this precise. If a reconstruction score lies in [0, 1] and no alert gives score zero,
then E[F'1] < Pr(alert). Requiring mean F1 at least 0.7 for one twin implies alert probability at least 0.7.

12
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Requiring at most 0.07 alerts for its identical-input common-cause twin is incompatible. These constants
belong to the constructed gate conflict; they are not estimated natural-population rates.

Robust excess is therefore evidence against a specified assignment null, not a posterior probability of
intent. A small Monte Carlo comparison does not identify an organizer. Reconstruction creates a supported
structural object, not an unobserved causal label. Exposure histories, referral evidence or independent
coordination provenance could change the information setting, but no validated combined causal estimator
is reported here.

11 An investigation system that preserves ambiguity

11.1 Support and missing evidence

The contract distinguishes SUPPORTED, SUPPORTED_WITH_CAUTION, AMBIGUOUS_COMMON_
CAUSE and OUT_OF_SUPPORT. These describe applicability and limitations of structural evidence, not
increasing fraud probabilities. Supported structure still withholds event-only causal attribution. Filling
every evidence field is insufficient for an unqualified supported classification.

Evidence packages retain the source object, members, targets, period, temporal support, null description,
support checks, alternatives, missing provenance and lineage. Missing data remains explicitly null. Diag-
nostic objects stay accessible when interpretation is out of support. This prevents a display or aggregate
from silently strengthening the source claim.

11.2 Equivalence instead of unjustified scalar priority

Defensive tests exposed unstable parent association under bridges and overlap, plus ranking changes
caused by lexical identifiers. A scalar priority could prefer one unresolved explanation without scientific
justification. Remediation improved invariance, but sorting could not resolve shared-response ambiguity.

The accepted design uses sets of candidates equivalent under the stored evidence signature with equal
scientific priority. Display order is nonsemantic; complete membership survives filtering and exports. A
set does not assert one causal campaign or enumerate every possible explanation. Equivalence depends
on the evidence signature, whereas the general causal limit applies beyond a particular implementation.

Human review
provenance

needed

Complete .
Support . E alence set
bp evidence quiv

iti . | priorit
CER IS and alternatives equat priority

SUPPORTED | SUPPORTED_WITH_CAUTION
AMBIGUOUS_COMMON_CAUSE | OUT_OF_SUPPORT

Support is about evidence applicability. All event-only causal attribution remains withheld.

Figure 6: Complete evidence, alternatives and equal-priority sets support review. Support concerns applicability;
all event-only causal attribution remains withheld.
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11.3 Coverage and unresolved disagreements

Combined development contains 480 candidates in 321 synthetic worlds and 477 original parents. Of the
candidates, 416 are reviewable; 327 original parents have a reviewable match. Thus 416/480 measures
candidate coverage and 327/477 original-parent coverage. Substituting the first for the second inflates
recovery. Expected out-of-support recall remains 40/44, leaving four disagreements.

All 230 development equivalence classes require provenance, including singleton classes. A singleton
means no competing member under this representation, not causal certainty. Later unseen synthetic fix-
tures exercise familiar mechanisms rather than fresh real populations. The contribution is an inspectable
and testable specification for reporting evidence.

12 Inspectable research interface

A read-only dashboard exposes support, constituent evidence, alternatives, lineage and complete equal-
priority sets on wholly synthetic fixtures. Missing provenance stays explicit and display order carries
no scientific meaning. The supplement retains the dashboard screenshot and engineering receipts. The
dashboard implements the evidence-reporting specification; analyst utility remains unmeasured.

13 September population holdout

After May external validation, we fixed the September population-detector holdout protocol. Reconstruc-
tion and investigation development then continued with the detector fixed and without accessing or using
the September histories. The pre-final manuscript was frozen before final population access. A pre-access
amendment clarified an underspecified randomization mapping, and the completed execution implemen-
tation was locked before the September population was materialized and scored. The holdout was not
used to tune the detector; no scientific tuning occurred after the final outcomes were seen. The resulting
outputs were then verified as described below. The protocol applied only to the population detector.

The September histories already existed in ListenBrainz snapshot 2723, dated 15 October 2026. The
protocol, exclusions, seeds, metrics and gates were fixed before the September population was accessed
or scored. “Pre-access” describes the evaluation boundary; it does not mean that the September events
were collected after model freeze. The supplement summarizes the ordering and identifies the supporting
protocol, output and verification records; exact execution timestamps remain in the internal provenance
archive.

May and September each contain 42 x 96 = 4,032 listeners because the final reused the same predeclared
sampling design. The September selection uses a separate 1 September inclusive-29 September exclusive
2026 UTC window and excludes all 16,783 identities in the May source window. Identical sample counts
therefore do not mean the same listeners were reused. May contributes 4,004,802 selected observed events;
September contributes 3,714,102.

Three construction seeds and three difficulties per group give 378 treatment/control pairs. Mean block
and pooled AUC are 1.000, with 378/378 treatment alerts and 0/378 control alerts. These are controlled in-
tervention labels on observed histories. The result extends population transfer under the same mechanism;
it does not extend reconstruction evidence to September.

The weakest treatment has Z = 36.5189, a margin of 33.5189 above the frozen threshold of three. The
closest control has Z = 2.9228, only 0.0772 below it. Thus perfect empirical decisions coexist with unequal
margins, including a near-threshold control. No zero-scale sentinel occurs among the 756 final scores. The
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Table 4: Descriptive stratification of the predeclared September difficulties, using the existing frozen scores. Each
row contains 126 worlds across the same 42 groups. Signed margin is Z — 3; positive values alert. No score has zero
null scale and no sentinel is displayed. Medians/ranges are descriptive, not confidence intervals. Exact quartiles and
unrounded values accompany the supplement.

Sync. slots Arm Alerts / count Median Z Z range Signed-margin range
32 Treatment 126/126 248.213  [75.447, 323.035] [72.447, 320.035]
32 Control 0/126 -0.284  [-2.505, 2.923] [-5.505, -0.077]
24 Treatment 126/126 185.967  [55.790, 242.956] [52.790, 239.956]
24 Control 0/126 -0.096  [-2.280, 2.248] [-5.280, -0.752]
16 Treatment 126/126 123.978  [36.519, 164.785] [33.519, 161.785]
16  Control 0/126 -0.095 [-2.861, 2.120] [-5.861, -0.880]

September holdout - 126 worlds per arm per difficulty - 42 shared source groups

Matched controls: threshold proximity Treatments: separation by difficulty
1
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Figure 7: Frozen September score ECDFs by predeclared difficulty. Each line represents 126 dependent worlds per
arm across 42 source groups. The control panel uses a narrower horizontal scale to expose threshold proximity;
the treatment panel preserves the full score range. The dashed line is the unchanged alert threshold Z = 3. No
zero-scale sentinels occur, no observations are capped, and no smoothing or new predictions are used.

existing score distributions show strong treatment—control separation and decreasing treatment scores as
difficulty increases.

Uncertainty. Resampling observed groups with uniformly perfect outcomes necessarily reproduces per-
fect summaries. The original conditional bootstrap therefore supplies no information about unseen fail-
ure mechanisms; its degenerate summaries are retained in the supplement, not presented as population
bounds. If the 42 groups were independent Bernoulli units, zero observed group failures would give an
approximate one-sided 95% upper event probability of 1 — 0.05'/42 = 6.9%. Group independence is not
established, so this is an illustrative reference calculation, not a valid population bound for PHANTOM.

Execution and verification. The final scientific execution ran once, and deterministic replay repro-
duced its outputs. The original verifier failed while generating a receipt after computation; later verifica-
tion confirmed that the outputs were unchanged. No scientific tuning occurred. The supplement explains
the pre-access lock replacement, original failure and post-run verification; detailed timing and incident
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Table 5: Failure/remediation summary. A later scope change does not retroactively pass an earlier failed gate.

Problem Failure Implication Change
Synthetic origin Generated neutrals Detector could identify Origin and neutral gates
separated simulator
Sessions All source groups had ten Unvalidated behavioral Session-free designs
Irows meaning
Catalog shortcuts Catalog exposed source Graph gains were Matched actor marginals
origin confounded
Duplicates 20/180 pairs changed keys Preprocessing changed Collision-safe construction
support
Raw calibration 22/180 controls alerted AUC did not rescue Local median/MAD scaling
threshold
Graph null High control alert rate Reconstruction could be Presence, conditioning,
spurious pooling
Hybrid Post-veto member F1 fellto ~ Veto removed useful Retain core
0.5357 evidence
Common stimulus  Every shock control alerted  Structure did not identify Alternatives and provenance
intent
Shifted overlap F10.3636 Parent association failed Explicit support boundary
Scalar priority IDs and ambiguity changed = Ordering implied preference =~ Equal-priority sets
rank

records remain in the internal provenance archive. Protocol commitments were recorded locally; verifica-
tion used separate processes, without institutional attestation.

Future method changes or comparator experiments require new evidence under a separately fixed pro-
tocol.

14 Failures as design constraints

Some failures have representation fixes; others demand a different statistical question. Duplicate presence
is a representation issue. Null conditioning refines what departures count as unusual. Causal twins expose
missing information that a transformation of the same events cannot restore. A responsible research sys-
tem must distinguish these categories rather than turning every unresolved requirement into a stronger
score.

The chronology supplement records objectives, hypotheses, methods, gates, decisions and resulting
changes for every stage. It retains rejected approaches and the conditions under which later work pro-
ceeded. The main narrative is organized by scientific problem so that readers can assess the accepted
method without navigating internal phase numbers.

15 Reproducibility

The supplement retains protocol chronology, selectors, seeds, implementation identities and the verifica-
tion incidents. Both manuscripts and companion reports use the same canonical metrics file, claim ledger
and bibliography identity ledger; figure and reference numbers may differ. Descriptive stratification reads
only frozen artifacts and creates no new predictions or null draws. Earlier publications and their source
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records remain available. Full scientific reproduction requires authorized source access; public examples
explain the methods with synthetic data.

16 Limitations

Construct and label validity. Labels encode controlled assignment interventions on observed histo-
ries, not verified manipulation. Common-stimulus controls can contain real synchronization. Event-only
evidence lacks exposure, referral and organizer provenance; structural surprise is not a calibrated intent
probability.

Support and coverage. The selector and intervention share a restrictive recurring pattern. The final
assesses population transfer under this mechanism, not general coordination difficulty. Eligibility coverage
on unrestricted streams and exchangeability under natural listening are unknown.

Population and generalization. Repeated worlds share histories, source groups and construction
choices. The final has 42 groups rather than 756 independent populations. Independence across groups is
unestablished, and conditional resampling cannot supply uncertainty over unseen mechanisms.

Reconstruction. Internal reconstruction evidence covers two historical blocks; later perturbations reuse
development histories. Member/target recovery leaves period accuracy and cause distinct. The available
holdout payload does not identify structural-ambiguity abstention reasons for missed parents. External
detector results do not validate an end-to-end reconstruction or investigation system.

Comparative evidence. Historical calibration rows differ in population or fitting design. No matched
run of published methods supports superiority. The retained failures reject the tested procedures, not every
possible alternative.

Analyst and deployment utility. No analyst study, real-world queue precision estimate, enforcement
outcome or production evaluation is available. Reviewable candidates do not guarantee original-parent
coverage. The dashboard implements an evidence contract whose benefit remains to be measured.

Reproducibility and rights. Public reproduction covers aggregate reporting and wholly synthetic
teaching examples. Full experiments require authorized data access; raw histories, protected truth and
uncleared research code remain excluded. Local commitments are an audit trail rather than external
timestamp attestation. PHANTOM’s scientific system remains frozen; September cannot serve as unseen
evidence for a revised method.

17 Conclusion

PHANTOM'’s central result is the distinction between benchmark validity, ranking, operating-threshold
transfer and causal interpretation. Apparently strong benchmarks failed shortcut checks, and perfect rank-
ing did not ensure a transferable global threshold. Local conditional normalization subsequently trans-
ferred across controlled populations under a declared recurring mechanism. Reconstruction recovered
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some parents and missed others; common-stimulus and overlap tests ruled out broader claims. These
findings support a system that presents structural evidence and unresolved alternatives for investigation.
Broader mechanisms, matched comparative experiments, contextual evidence and analyst studies remain
separate scientific work.
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