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Abstract

Large language models exhibit strong multilin-
gual capabilities, however, their internal represen-
tations are difficult to interpret. Understanding
these interactions is important for ensuring reli-
able behavior in multilingual systems. Recent
work has shown that causal-geometric structure
can explain how certain concepts are encoded
as approximately linear and separable directions,
but whether this framework extends to multilin-
gual models, where language identity is corre-
lated and hierarchical, is underexplored. We apply
causal-geometric analysis to multilingual LLM:s,
studying 28 bilingual contrasts across three mod-
els, allowing us to analyze when languages be-
have as approximately independent factors and
when structured dependencies persist. We find
evidence that language concepts admit stable lin-
ear representations that are largely separable un-
der a covariance-adjusted (causal) inner product,
with structured deviations reflecting linguistic
similarity. Moreover, languages within the same
family (such as Germanic or Romance) exhibit
a simplex-like geometric structure, suggesting
hierarchical organization. These results extend
causal-geometric interpretability to multilingual
settings and provide insight into how separability
and similarity may exist in multilingual LLM rep-
resentations, motivating interpretability analyses
that diagnose when and how structured dependen-
cies between concepts can be anticipated. This
has implications for trustworthy deployment, as
residual structure between languages may lead to
unintended cross-lingual effects when models are
monitored or intervened upon.
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1. Introduction

Large language models (LLMs) are increasingly deployed
in multilingual settings, where predictable and reliable be-
havior across languages is critical for safety and control. Yet
how languages are geometrically represented and related
within these models remains underexplored. Language iden-
tity may correspond to a separable causal variable that can
be independently monitored and intervened upon, or it may
instead emerge from entangled linguistic features shaped by
shared training data, scripts, and historical relatedness. This
ambiguity poses a challenge for interpretability and steering
methods, which typically assume that high-level concepts
admit independent and targeted interventions (Arditi et al.,
2024; Marks & Tegmark, 2024; Turner et al., 2024). In
multilingual deployment, this question is not purely descrip-
tive. Many safety mechanisms (e.g., filtering, monitoring, or
steering) are implemented in one language and if language
representations are not well-separated, such interventions
may produce unintended cross-lingual effects, making be-
havior harder to predict and control.

A growing body of work suggests that many high-level con-
cepts in neural networks admit approximately linear repre-
sentations, enabling meaningful intervention-based analysis
(Park et al., 2024; Jiang et al., 2024). Within this frame-
work, concepts are often modeled as causally independent
to the extent that their associated directions in represen-
tation space are geometrically separable under a suitable
inner product (Park et al., 2025). Moreover, prior work
has shown that multilingual representations exhibit rich ge-
ometric structure (Chang et al., 2022; Peng et al., 2022)
showing that languages share structure. However, similarity
alone does not imply that language identity behaves as an
independent, intervenable variable. In this work, we apply
causal-geometric diagnostics to distinguish between simi-
larity and approximate causal separability in multilingual
LLMs. Moreover, it remains unclear whether this structure
extends to language identity as a concept, particularly in
the multilingual setting, where languages share lexical and
orthographic features, reflect historical lineage, and are un-
evenly represented in training data. Taken together, these
factors make multilinguality a useful setting for examin-
ing causal-geometric interpretability, particularly whether
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linear separability and independent intervention extend to
correlated and hierarchical concepts.

We study whether language identity in LLMs behaves as
an approximately causally separable variable, rather than
merely a correlated feature. Concretely, we address three
questions: First, can bilingual language differences be rep-
resented by stable directions in representation space? Sec-
ond, are these directions approximately independent across
languages, or does linguistic similarity induce structured
overlap? Third, how does higher-level organization, includ-
ing language families, emerge geometrically within LLM
representations?

To address these questions, we analyze multilingual repre-
sentations using a geometry-based interpretability frame-
work (Park et al., 2024; 2025). We adapt a previously pro-
posed causal inner product and study 28 bilingual language
contrasts (plus 3 non-linguistic concepts) across three pub-
lic LLMs (Qwen3-4B, Mistral-7B-v0.3, Llama-3-8B). In-
tuitively, this inner product rescales representation space
such that directions corresponding to independent concepts
become approximately orthogonal, allowing geometric over-
lap to be interpreted as residual dependence rather than
arbitrary scaling.

Contributions:

1. We show that many bilingual contrasts admit stable,
approximately linear directions that generalize beyond
estimation pairs, enabling interpretable diagnostics of
language identity.

2. We find that a covariance-adjusted inner product re-
duces overlap between language directions, allowing
residual structure to be interpreted as meaningful simi-
larity rather than noise.

3. We show that languages within the same family ex-
hibit simplex-like organization, revealing a geometric
signature of hierarchical structure.

4. We use additive interventions as a diagnostic, finding
systematic logit-level effects but limited generation-
level control, suggesting limits of linear steering meth-
ods in multilingual settings.

At a high level, we find that languages are largely separable
but not independent: residual structure aligns with linguistic
similarity and can explain when cross-lingual effects are
likely to occur. Together, these results indicate that multilin-
gual representations in LLMs combine approximate causal
separability, hierarchical organization, and graded linguis-
tic similarity. This is relevant for multilingual safety and
deployment, as residual structure may shape how effects
propagate across languages even when representations are
approximately separable.

2. Related Work

Our work builds on a growing body of research that studies
the internal geometry and interpretability of LLMs. Early
work on representation structure identified linear regularities
in word embeddings and analogy spaces, suggesting that se-
mantic and syntactic relations correspond to approximately
linear directions (Mikolov et al., 2013; Gladkova et al., 2016;
Fournier et al., 2020). Subsequent work extended these
ideas to contextual and transformer-based models, showing
that relational and categorical information can often be de-
coded linearly from hidden representations (Chiang et al.,
2020; Hernandez et al., 2024).

More recent interpretability work has formalized these ob-
servations through the linear representation hypothesis,
which models high-level concepts as causal variables as-
sociated with stable linear directions in representation space
(Park et al., 2024; Jiang et al., 2024). This framework has
been used to analyze concept separability, partial orthogo-
nality, and hierarchical structure in LLMs (Jiang et al., 2023;
Park et al., 2025). Related work has also explored activation-
based steering and concept control via linear interventions
(Turner et al., 2024; Wang et al., 2023), while highlighting
limitations of purely linear control (Engels et al., 2025).

Multilingual representation structure has primarily been
studied from a geometric or probing perspective, showing
that languages often occupy structured subspaces and ex-
hibit parallelism across models (Chang et al., 2022; Peng
et al., 2022; Singh et al., 2019; Choenni & Shutova, 2020).
However, the relationship between causal separability, lin-
guistic similarity, and hierarchical organization in multilin-
gual representations has not been systematically analyzed.

Our work bridges these lines of research by applying
causal-geometric diagnostics to language concepts. We
provide empirical evidence that bilingual contrasts admit ap-
proximately linear, causally separable representations, while
language families form hierarchical simplex structures with
graded similarity, offering a unified view of multilingual
geometry and causal separation in LLMs.

3. Methodology

Our analysis builds on the causal-geometric framework
introduced in (Park et al., 2024; 2025) (for full theoreti-
cal development and proofs, we refer the reader to these
works). To make the paper self-contained, we restate the
core concepts and notation, with minor adaptations required
for multilingual representations.

We adopt the causal framework for concept representations
introduced in prior work (Park et al., 2024; 2025), in which
a concept C' is treated as a causal variable whose value
can be intervened on while holding other factors fixed. A
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language concept refers to a variable indicating the language
(e.g., French), and a bilingual contrast refers to a pairwise
difference (e.g., English—French). When a concept admits
a linear representation, counterfactual pairs that differ only
in C' induce approximately parallel difference vectors in
representation space. Two concepts C; and Cs are said
to be causally separable if intervening on one does not
affect the distribution of the other. Under an appropriate
inner product, causally separable concepts correspond to
approximately orthogonal directions.

To make these notions operational, we require an inner
product on representation space that is consistent with causal
separability. We discuss the causal inner product (Park et al.,
2024), which provides a unified geometric framework for
analyzing embedding and unembedding representations.

3.1. Causal Inner Product

We work with two representation spaces: the embedding
(context) space, A, and the unembedding (output) space, .
A concept W admits representations Ay and 7y . For any
concept Z that is causally separable from W,

AAw >0, Az =0 (1
The causal inner product aligns embedding and unembed-
ding representations such that causally separable concepts
are orthogonal. Let ¥, = Cov[y(y)| denote the covariance
of unembedding vectors over the vocabulary.

The causal inner product provides a geometry in which in-
dependent concepts tend to correspond to approximately
orthogonal directions. In standard Euclidean space, correla-
tions in the data can distort angles, making this relationship
less clear. The causal inner product mitigates this effect by
accounting for covariance in the representation space. The
causal inner product is defined as

1Y e=7"87" )

where 7/ denotes an arbitrary vector in unembedding space.

For each pair of concepts (C, Z), we compute the causal
inner product

Mcz = {ve,vz)c 3)

using the covariance-adjusted inner product defined in (2).
We analyze the resulting matrix to assess causal separability:
near-zero off-diagonal entries ( (y¢;, fij> ~ (0 ) indicate
approximate separability, while structured deviations reflect
residual association between concepts.

An equivalent formulation is obtained via the causal whiten-

ing transform ¢(y) = E;l/2y(y) under which the Eu-
clidean inner product corresponds to the causal inner prod-
uct, i.e., (3w, 7z)c = Gy dz-

3.2. Concept Estimation

For each of the concepts W, we estimate a mean unem-
bedding direction 7y by averaging over all counterfactual
word pairs and normalizing with respect to the causal inner
product,
_ Iw
Tw = T =
(hw, Iw)e

where = ﬁ ZLM; (W(yz(l))

—7(1:(0)))@)
Linear Measurement of Contexts To assess whether con-
cept directions generalize beyond counterfactual word pairs,
we project embedding representations A(z) of natural lan-
guage contexts onto learned concept directions vo. We
focus on embedding and unembedding spaces because they
directly mediate input representation and output prediction,
providing a tractable view of features that influence model
behavior.

3.3. Hierarchy

To analyze hierarchical structure, we transform unembed-
ding vectors using the causal whitening transform

g(y) = Cov(y)"/?(v(y) — E[y]) (5)

which aligns embedding and unembedding representations
under the causal inner product. Centering by E[v] ensures
that tokens not associated with a given concept have approx-
imately zero projection in the transformed space.

The causal whitening transform places all concept direc-
tions in a common Euclidean space where distances and
angles reflect the causal inner product. We then treat each
language-specific direction as a point in this space. For
languages within the same family, we analyze whether their
corresponding points lie in a shared low-dimensional sub-
space.

Our empirical analysis proceeds in five steps: estimating
bilingual concept directions, measuring separability un-
der a covariance-adjusted inner product, testing whether
directions separate natural-language contexts, analyzing
language-family geometry, and using additive interventions
as a diagnostic of logit-level effects.

4. Experimental Design

Languages and Data We study eight languages drawn
from two families: Germanic (English, German, Dutch,
Swedish) and Romance (French, Spanish, Italian, Por-
tuguese), following standard linguistic classifications
(Heeringa et al., 2023). We select the four most widely
spoken languages from each family to increase the likeli-
hood of adequate representation in LLM training data.
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For hierarchical analyses, we treat Germanic and Ro-
mance as the only higher-level categories, without mod-
eling sub-family structure. We construct language-family
sets Y (Germanic) and Y’ (Romance), along with their con-
stituent languages, and analyze the geometry of their repre-
sentations in the transformed space. We use two families to
provide a controlled hierarchical setting rather than maxi-
mize coverage.

Token pairs for English, German, French, and Spanish are
obtained from the word2word bilingual lexicon (Choe et al.,
2020). For Dutch, Swedish, Portuguese, and Italian, transla-
tions are generated using Google Translate. All candidate
pairs are filtered to retain only single-token entries in the tar-
get model vocabularies. Using 3 semantic relations, we con-
struct 28 bilingual contrasts (plus 3 non-linguistic concepts),
yielding 31 single-token counterfactual sets. Contexts are
sampled from bilingual Wikipedia corpora, and projections
are analyzed by comparing the resulting distributions across
languages.

In our multilingual setting, bilingual word translations are
used as approximate counterfactual pairs, and should be
viewed as a practical proxy for ideal interventions rather
than ground-truth causal manipulations. Despite this limita-
tion, the consistency of results across multiple contrasts and
models suggests that the observed structure is not driven
solely by lexical artifacts.

Models We evaluate on three LLMs, Llama-3-8B, Mistral-
7B-v0.3 and Qwen3-4B. We compute concept directions
separately for each model and use the same pipeline for all
hierarchy analyses.

5. Results

For brevity, we discuss the results for Qwen3-4B here, the
results for other models are available in the Appendix.

5.1. Linear Directions

We first test whether bilingual contrasts admit stable lin-
ear representations. Figure 1 shows projections of counter-
factual word differences onto their corresponding concept
directions, compared against a baseline of random word
differences. Random differences have mean projection near
zero, whereas counterfactual pairs exhibit a pronounced
right-skewed distribution, indicating association with the
estimated concept direction.

Across all concepts, we observe three regimes of behav-
ior: clean separation for simple categorical concepts (e.g.,
male=>female), partial separation for most bilingual con-
trasts, and degraded or entangled representations for closely
related or underrepresented languages. Across bilingual
contrasts, most language pairs exhibit clear association with

their estimated concept directions. For example, English—
French and German—English show pronounced right-skewed
projection distributions, whereas closely related pairs such
as Dutch—Swedish exhibit weaker but still non-random as-
sociation.

These results suggest stable linear signal across a range
of language contrasts, motivating subsequent analysis of
separability and hierarchical structure.
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Figure 1. Projection histograms for Qwen3-4B for concepts, in-
cluding non-linguistic and bilingual contrasts. Counterfactual
word differences (red) are projected onto the corresponding con-
cept direction 4w using the causal inner product and compared
against baseline of random word differences (blue). Projections
are computed using a leave-one-out estimate Yy, (—;) to avoid bias.
The consistent right-skew of counterfactual projections, relative
to random baselines centered near zero, indicates the presence of
stable, approximately linear concept representations.

5.2. Causal Separability

We next test whether these representations are approxi-
mately separable under the causal inner product. Figure 2
shows that causal inner product heatmaps exhibit near-
orthogonality between most bilingual concept pairs that do
not share a language. While many concept pairs appear ap-
proximately orthogonal, this can arise in high-dimensional
spaces after whitening. We therefore focus on which pairs
deviate from orthogonality, and find that these deviations
align with known linguistic relationships, suggesting that
the observed structure reflects non-random relationships.
Importantly, the representations are near, but not exactly, or-
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Figure 2. Causal inner product in Qwen-3-4B. Causally separable
concepts are approximately orthogonal under the estimated causal
inner product (3,5 )¢ = 7' Cov(y)™*4’. The heatmap shows
[(Fw,7z)| across 31 concept pairs, with near-zero values for sep-
arable concepts and larger values for causally related or poorly
represented languages.

thogonal; overlap is not uniform across concepts, but instead
aligns with known linguistic relationships, indicating that
deviations from orthogonality are more consistent with lin-
guistic similarity than with random noise. This distinction
is relevant for safety and reliability analysis, as structured
overlap may help anticipate some cross-concept effects.

5.3. Classification and Linguistic Similarity

Fig. 3 shows the histograms of v/, A(z) for bilingual con-
texts which exhibits clear separation along language-related
concept directions, while remaining centered near zero
for unrelated concepts. As illustrated by the Spanish—
Portuguese case, linguistically similar but causally sepa-
rable language pairs exhibit weaker but non-trivial linear
separation.

For French and Spanish contexts, concept directions in-
volving either French or Spanish produce strong distri-
butional separation, whereas off-target concepts such as
male=female or German=>English show substantial over-
lap. Notably, concept directions associated with linguis-
tically related but causally separable languages (e.g., Ital-
ian=>Portuguese) also exhibit non-trivial separation, reflect-
ing shared linguistic structure under the causal inner prod-
uct.

Appendix B shows that additive interventions induce log-
odds shifts across many concepts, providing evidence of
representation-level causal signal even when generation-
level behavior remains limited. This further suggests that
the identified structure is not purely descriptive, but reflects
features that influence model predictions.

These results indicate that multilingual representations dis-
tinguish languages while preserving similarities between
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Figure 3. Histogram of v¢ \(x ™) vs v )\( ) for concepts C

for Qwen3-4B, where {x } are random contexts from French
Wikipedia, and {z%'} are random contexts from Spanish Wikipedia.

Contexts from French (;r: /) and Spanish (z7’) exhibit clear separa-
tion along concept dlrectlons involving e1ther French or Spanish,
while remaining overlapping for unrelated concepts.

related ones. Additional examples, including Spanish—
German contexts, are provided in the Appendix. This further
indicates that language representations can influence one
another even when they are nominally separable, which
may contribute to cross-lingual interference in downstream
behavior.

5.4. Hierarchy and Simplices

Finally, we examine whether higher-level structure emerges
across languages. Across all models, we find that languages
belonging to the same family organize into simplex-like
structure in representation space, with individual languages
occupying distinct vertices.

As shown in Figure 4, for the Germanic family, languages
form a three-dimensional simplex-like geometric structure,
and the simplex as a whole is approximately orthogonal to
the corresponding family-level Germanic direction under the
causal inner product (results for Romance family languages
are available in the Appendix). This pattern is consistent
with expectations (Park et al., 2025) for hierarchical cate-
gorical concepts and indicates that language identity and
family membership are encoded as approximately separable
factors.
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Figure 4. Qwen3-4B Languages within the Germanic family exhibit a simplex-like geometric structure in representation space. Each
vertex corresponds to a language-specific concept direction, while the simplex as a whole is approximately orthogonal to the Germanic

family direction under the causal inner product.

In addition to this hierarchical organization, we observe
graded geometric relationships within each simplex-like
structure. Languages that are linguistically closer are po-
sitioned nearer to one another, reflecting shared lexical,
phonological, or orthographic structure. Together, these
results suggest that multilingual representations combine ap-
proximate causal separability with hierarchical organization
and continuous linguistic similarity.

Taken together, these results suggest that multilingual rep-
resentations are structured in a way that supports partial
predictability of cross-lingual effects. In particular, approxi-
mate separability enables targeted diagnostics, while struc-
tured deviations indicate when interventions in one language
may affect others. This provides a basis for a diagnostic
for anticipating and evaluating cross-lingual behavior in
deployed systems.

6. Discussion

As shown by the projection analyses in Fig. 1 and the causal
inner product heatmap in Fig. 2, languages from the same
family often admit stable and well-aligned concept direc-
tions even when individual languages might be compara-
tively underrepresented. This suggests that shared lexical,
orthographic, or morphological structure can partially com-
pensate for data scarcity, consistent with shared representa-
tional structure.

Some overlap between language concepts may arise from
surface features of the languages rather than shared mean-

ing (Park et al., 2024). For example, as seen in the causal
inner product (Fig. 2), concepts involving German ex-
hibit structured association with capitalization-related fea-
ture directions. This aligns with known orthographic con-
ventions, such as systematic noun capitalization in Ger-
man and the capitalization of days and months in English,
which introduce correlations between language identity and
capitalization-related feature directions. These effects are
consistent with how surface conventions can shape geomet-
ric representations without undermining conceptual separa-
bility.

The simplex-like structure indicates that LLMs encode
language identity hierarchically: family membership cap-
tures coarse-grained linguistic commonality, while posi-
tions within the simplex encode finer-grained language-
specific distinctions. The resulting geometry extends
causal-geometric analyses to multilingual settings where
categories are discrete but not independent, and exhibit
graded similarity. In this view, deviations from strict orthog-
onality reflect meaningful hierarchical organization.

A key implication of our findings is that multilingual repre-
sentations are neither fully independent nor fully entangled.
Instead, languages are largely separable, with structured
overlap that reflects linguistic similarity. As a result, inter-
ventions applied in one language may generalize predictably
to related languages, rather than failing arbitrarily, while
still exhibiting systematic cross-lingual side effects.

This has direct implications for multilingual deployment.
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Structured overlap between language representations can
lead to cross-lingual transfer, bias, or interference, even
when concepts appear mostly separable. For example, a
safety filter developed in English may partially transfer to
Spanish or Portuguese due to representational similarity,
while failing to transfer cleanly to more distant languages.
Our results suggest that such behavior can be anticipated
from the geometry of language representations.

From a trustworthiness perspective, this highlights the need
to evaluate multilingual systems not only within each lan-
guage, but also for cross-lingual consistency and unintended
interactions. Measuring separability and similarity jointly
provides a practical way to diagnose when interventions are
likely to generalize and when cross-lingual effects should
be expected.

7. Conclusion

Our work shows that, in multilingual representations in
LLMs, language identity behaves approximately like a sepa-
rable factor under causal-geometric diagnostics, with struc-
tured overlap that reflects linguistic relationships. This is
relevant because many interpretability, safety, and control
methods implicitly assume that languages can be treated
as independent concepts. By providing causal-geometric
diagnostics for multilingual representations, this work offers
a way to assess when interventions, filters, or monitoring
mechanisms designed for one language are likely to gener-
alize safely to others, and when they may introduce cross-
lingual side effects. More broadly, our findings suggest
that departures from idealized geometric structure can be
treated as indicators of meaningful similarity and hierarchy.
Understanding and measuring this structure is a promising
diagnostic tool for reliable multilingual deployment.

8. Limitations

Our study considers a restricted multilingual setting, with
concepts drawn from two Indo-European families and lim-
ited to the Latin alphabet. While this enables controlled
analysis, it limits the generality of our conclusions to other
scripts, low-resource languages, and non-Indo-European
families. We also explore only a limited range of layers,
prompts, and intervention strengths; broader sweeps may re-
veal additional structure. A more controlled direction would
use aligned corpora (same content across languages), which
we leave to future work.

Tokenization introduces unavoidable noise in counterfactual
construction (Singh et al., 2019). Some words decompose
into multiple tokens (e.g., princess — prin + cess), while
others appear as substrings of unrelated tokens (e.g., French
bas, est). Although multi-token words can be filtered out,
substring effects cannot be fully mitigated, implying that

causally separable concepts are only approximately orthog-
onal under the estimated causal inner product.

While we briefly explored additive interventions as a di-
agnostic of causal signal, we found that generation-level
control remains limited and highly sensitive to tokenization
and context, even when geometric structure is well-defined.

9. Future Work

Our work points to multiple open questions for future study.
Future work could analyze how causal separability and hi-
erarchical structure evolve across layers, shedding light
on when and how multilingual abstractions form during
inference. Another promising direction is whether devi-
ations from causal separability can serve as indicators of
translation uncertainty, cross-lingual interference, or lim-
ited language familiarity in multilingual models. Finally,
our findings raise the question of whether causal-geometric
structure could be used as a training-time diagnostic or ob-
jective, maintaining separation without discarding similarity
between related concepts.

Impact Statement

This work contributes to understanding how multilingual
language models represent and relate different languages.
By highlighting that language representations are only ap-
proximately separable, our findings suggest that interven-
tions, safeguards, or alignment mechanisms applied in one
language may have unintended effects in others. This has
implications for the safe and reliable deployment of multi-
lingual Al systems, particularly in settings where consistent
behavior across languages is critical.
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A. Data

We draw on three semantic relations from the Big Analogy
Test Set (BATS 3.0) (Gladkova et al., 2016) for bilingual
concepts. From the 8 selected languages, we generate 28
bilingual pairings, yielding a total of 31 sets of counter-
factual word pairs. Each counterfactual pair is intended to
differ only in terms of the targeted concept.

B. Steering Intervention

Given a context representation A(z) and an embedding-
space concept representation \¢, we perform additive inter-
ventions according to

A.o(T) = Az) +aXe, a€[0,1]. (6)
We evaluate the effect of these interventions by measur-
ing log-odds shifts and top-k rank changes of target tokens
associated with concept C'. Adding Ay to a context repre-
sentation should increase the probability of W (Park et al.,
2024). In the bilingual concept case, this can be interpreted
as a diagnostic bias toward tokens associated with the target
language.

B.1. Intervention Diagnostics

We report additive intervention diagnostics to assess whether
learned concept directions carry causal signal at the logit
level. These experiments are intended as diagnostic probes
rather than demonstrations of reliable generation control.

We apply additive interventions along estimated concept di-
rections to the model’s internal representations and measure
the resulting changes in next-token log-odds for target coun-
terfactual tokens. As shown in Figures 8, 9 and 10 across
both simple categorical concepts and bilingual contrasts,
we observe systematic and approximately monotonic shifts
in log-odds in the expected direction as the intervention
strength increases. This indicates that the learned direc-
tions are not merely descriptive probes, but are associated
with intervention-relevant structure in the model’s repre-
sentations. However, these diagnostics further suggest that,
despite representation-level signal relevant to intervention,
reliable generation-level control would require addressing
tokenization and autoregressive effects.

C. Additional Figures


https://aclanthology.org/D19-6106/
https://aclanthology.org/D19-6106/
https://arxiv.org/abs/2308.10248
https://arxiv.org/abs/2308.10248
https://openreview.net/forum?id=SGlrCuwdsB
https://openreview.net/forum?id=SGlrCuwdsB

495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549

When Language Representations Interact: Separability and Cross-Lingual Effects in LLMs

male = female lower = upper country = capital German = English
\ !
I__- I =i
-0.2 -0.1 0.0 -0.2 00 02 04 0.6 -0.2 0.0 0.2 -0.4 -0.2 0.0
English = Dutch Swedish = English English = Italian Portuguese = English
ul
|
-0.2 0.0 0.2 0.4 -0.4 -0.2 0.0 0.2 0.0 0.2 0.4 -04 -03 -0.2 -0.1 0.0
Spanish = English English = French French = German Spanish = French
|
|| | |
-0.4 -0.2 0.0 0.0 0.2 0.4 -0.2 0.0 0.2 0.4 -01 00 01 02 0.3
French = Portuguese Italian = French French = Swedish French = Dutch
I , _
-0.2 -0.1 0.0 0.1 -0.1 0.0 0.1 0.2 0.3 -0.2 0.0 0.2 -03 -0.2 -0.1 0.0 0.1
German = Dutch German = Spanish Swedish = German German = Italian
-04 -0.2 0.0 -0.6 -04 -0.2 0.0 0.2 -0.2 0.0 0.2 0.4 0.6 -04 -0.2 0.0 0.2
Portuguese = German Dutch = Spanish Spanish = Portuguese Italian = Spanish

-0.2 00 02 04 0.0 0.1 0.2

Spanish = Swedish Dutch = Swedish

-0.1 0.0 0.1

Dutch = Portuguese

-0.1 0.0 0.1

Italian = Dutch

I
-0.2 0.0 0.2 -0.1 0.0 0.1 -0.1 00 01 0.2
Swedish = Italian Italian = Portuguese Portuguese = Swedish
[
= 1] =
-0.1 0.0 0.1 0.0 0.1 0.2 -0.2 0.0 0.2

-0.2 -0.1

0.0

0.1

[ English
m French
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C.1. 2D and 3D Projections

In Figures 19-29 we provide additional two-dimensional and
three-dimensional projections of language representations
under the causal inner product to complement the three-
dimensional simplex-like visualization shown in the main
paper (Fig. 4). These plots illustrate the same hierarchi-
cal structure in a lower-dimensional subspace and serve as
supporting evidence for the simplex geometry observed for
Germanic languages.

In the three-dimensional projections, we observe that three
linguistic concepts form a (k—1)-dimensional simplex-like
structure, corresponding to a triangle embedded in a plane,
while four concepts form a three-dimensional simplex (a
tetrahedron). In both cases, the simplex is approximately
orthogonal to the corresponding language-family direction
(e.g., Ecermamc), consistent with theoretical predictions for
categorical hierarchies.

Beyond hierarchy, the geometry also reflects graded linguis-
tic similarity. Languages that are lexically or orthograph-
ically closer are positioned nearer to one another within
the simplex, even when they are causally separable. This
extends prior observations for simpler categorical concepts
(e.g., animals or plants) to multilingual settings, where dis-
tance encodes similarity in addition to categorical structure
(Park et al., 2025).
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Figure 14. Histogram of 72 A\(z5") vs 74 A(2) for concepts C' for Mistral-7B-v0.3, where {2} are random contexts from Spanish
Wikipedia, and {mge} are random contexts from German Wikipedia.
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Figure 16. Projection geometry in LLama-3-8B.
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Figure 17. Causal inner product in Mistral-7B-v0.3.
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Figure 18. Causal inner product in LLama-3-8B.
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Figure 19. Qwen3-4B: Two-dimensional projections of Romance language representations under the causal inner product.
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Figure 20. Qwen3-4B: Two-dimensional projection of Romance language representations under the causal inner product. Language-
specific clusters are visible, with relative distances reflecting graded linguistic similarity within the family. As in the Germanic case, the
projection is consistent with a higher-dimensional simplex-like structure shown in the main paper.
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Figure 21. Qwen3-4B: Two-dimensional projection of Germanic language representations under the causal inner product. Each cluster
corresponds to tokens associated with a specific language, while the gray background points represent randomly sampled vocabulary
tokens. The projection illustrates separation between individual languages and approximate orthogonality between the Germanic family
direction and non-family variation, consistent with the simplex-like structure shown in Figure 4
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Figure 22. Mistral-7B-v0.3: Two-dimensional projections of Germanic language representations under the causal inner product.

Figure 23. Mistral-7B-v0.3: Two-dimensional projections of Romance language representations under the causal inner product.
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Figure 24. Mistral-7B-v0.3: Two-dimensional projection of Romance language representations under the causal inner product.
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Figure 25. Mistral-7B-v0.3: Two-dimensional projection of Germanic language representations under the causal inner product.
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Figure 27. Llama-3-8B: Two-dimensional projections of Romance language representations under the causal inner product.
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Figure 28. Llama-3-8B: Two-dimensional projection of Romance language representations under the causal inner product.
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Figure 29. Llama-3-8B: Two-dimensional projection of Germanic language representations under the causal inner product.
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