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This is an operatorial statement: depends on the theory, and not on the state

(Minkowski for now…)x2 = t2 � ~x2 < 0
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Microcausality is the statement that quantum fields commute if they are space-like separated



Microcausality is the statement that quantum fields commute if they are space-like separated
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Microcausality implies that the retarded Green function vanishes outside the light-cone

Vanishing commutator outside 
the light-cone
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1

GR = ✓(t)h[�(x),�(0)]i
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This is an operatorial statement: depends on the theory, and not on the state

(Minkowski for now…)x2 = t2 � ~x2 < 0
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Causal evolution of the theory
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Microcausality is a requirement for a healthy theory. Hard to prove for a general QFT…

1) Free massless scalar field [�(x),�(0)] =
1

2⇡i
�(~x2 � t2)

<latexit sha1_base64="NZ8H+1zuG4u4LbkVTKrAAWJPZUQ="></latexit>

2) Massive scalar field

The commutator is supported only 
on the light-cone

One can show it vanishes for 
space-like separations

(Expectation value)
3) Lorentz invariant states Interacting commutators decomposed as 

massive ones using Källén-Lehmann 



1) Free massless scalar field [�(x),�(0)] =
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2) Massive scalar field

The commutator is supported only 
on the light-cone

One can show it vanishes for 
space-like separations

(Expectation value)

4) Lorentz invariant theories…
(Operatorial)

Boosts preserve commutators Equal-time commutation relations

(x� y)2 < 0
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3) Lorentz invariant states

Microcausality is a requirement for a healthy theory. Hard to prove for a general QFT…
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Interacting commutators decomposed as 
massive ones using Källén-Lehmann 



1) Free massless scalar field [�(x),�(0)] =
1

2⇡i
�(~x2 � t2)

<latexit sha1_base64="NZ8H+1zuG4u4LbkVTKrAAWJPZUQ="></latexit>

2) Massive scalar field

3) Lorentz invariant states

The commutator is supported only 
on the light-cone

(Expectation value)

4) Lorentz invariant theories…
(Operatorial)

Not always true… problem with EFTs: L =
1

2
@µ�@

µ�+
1

⇤
(@µ�@

µ�)2
<latexit sha1_base64="NyQlCr7yJ6MwjO7becZgJc5aKlQ="></latexit>

[Adams, Arkhani-Hamed, Dubovsky, Nicolis, Rattazzi; arXiv:0602178]

One can show it vanishes for 
space-like separations

Microcausality is a requirement for a healthy theory. Hard to prove for a general QFT…

Boosts preserve commutators Equal-time commutation relations

(x� y)2 < 0
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if
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Interacting commutators decomposed as 
massive ones using Källén-Lehmann 
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[S. Dubovski, A. Nicolis, E. Trincherini, G.Villadoro; arXiv:0709.1483]

The theory of scalar field on a classical curved background        (Not necessarily gravity…)gµ⌫
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[�(x),�(0)] = 0
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if

Valid for any scalar field theory theory with an operatorial EOM of the above form

gµ⌫(x)@µ@⌫� = F (x,�, @�)

<latexit sha1_base64="u6tVUuG/Qm5rm2jvpR9nOhbw5hA="></latexit>

The causal dependence of solutions on initial conditions determined by the light-cones of the metric gµ⌫
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What happens to Microcausality without Lorentz?

For non-renormalizable theories, the metric is a function of the field itself

gµ⌫(x,�, @�) 6= gµ⌫cl (x) ⌘ gµ⌫(x, 0, 0)
<latexit sha1_base64="Wkj3aKUFu8oTkHLb/2be8gRL1fU="></latexit>

1

2

1) At best linear in the field second derivative

2) Covariant form for the LHS in terms of an effective metric

The effective metric is different than the one of the background spacetime!

L =
1

2
@µ�@

µ�+
1

⇤
(@µ�@

µ�)2
<latexit sha1_base64="NyQlCr7yJ6MwjO7becZgJc5aKlQ="></latexit>

As in !
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In a perturbative approach, we can construct the 
commutator by expanding around Minkowski

⇤� = (⌘µ⌫ � gµ⌫)@µ@µ� ⇠ hµ⌫@µ@⌫�

<latexit sha1_base64="DgPfR5seLuEXlSDZPCJSMTJysIQ="></latexit>

sourceGreen’s function

[�(x),�(0)] = 0

<latexit sha1_base64="puAKgQz9wuMa82/F0/0ImxqyzZI=">AAACCHicbVDLSgNBEJz1GeNrfdy8DAYhAQm7ElAPQtCLxwjmAZslzE46yZDZBzO9Ygz5Ab/Cq568iVf/woP/4mbdgybWqajqpqvLi6TQaFmfxsLi0vLKam4tv76xubVt7uw2dBgrDnUeylC1PKZBigDqKFBCK1LAfE9C0xteTf3mHSgtwuAWRxG4PusHoic4w0TqmPtOOxqI4n3pmKbEKrkXVscsWGUrBZ0ndkYKJEOtY361uyGPfQiQS6a1Y1sRumOmUHAJk3w71hAxPmR9cBIaMB+0O07TT+hRrBmGNAJFhaSpCL83xszXeuR7yaTPcKBnvan4n+fE2DtzxyKIYoSATw+hkJAe0lyJpBagXaEAkU2TAxUB5UwxRFCCMs4TMU56yid92LPfz5PGSdmulM9vKoXqZdZMjhyQQ1IkNjklVXJNaqROOHkgT+SZvBiPxqvxZrz/jC4Y2c4e+QPj4xuPVJf5</latexit>

ifif

In the non-perturbative approach, the light-cone is 
defined by gµ⌫
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But the Green function is the commutator of the free theory 
and has support only on the Minkowski light-cone… 

GR(x) = ✓(t)[�0(x),�0(0)] ⇠ �(x2 � t2)
<latexit sha1_base64="DVCTvDO6K92gPpGxQuEFnAH4S4I="></latexit>

[G.C., F. Piazza, S. Ramos; arXiv:2504.16992]

Question and motivations

1) How can the sum of terms that have support only on a given light-cone generate a different light-cone?

It is important to identify a change in the causal structure already at the perturbative level.2)
Ultimate goal is Dynamical Gravity: What is the effect of quantum gravity on the light-cone and microcausality?
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In the non-perturbative approach, the light-cone is 
defined by gµ⌫
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But the Green function is the commutator of the free theory 
and has support only on the Minkowski light-cone… 
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[G.C., F. Piazza, S. Ramos; arXiv:2504.16992]

In perturbation theory, we reconstruct the interacting light-cone as a Taylor 
expansion around the free one 

1) How can the sum of terms that have support only on a given light-cone generate a different light-cone?

It is important to identify a change in the causal structure already at the perturbative level.2)
Ultimate goal is Dynamical Gravity: What is the effect of quantum gravity on the light-cone and microcausality?

Question and motivations



We use the interaction picture formalism to expand the interacting OPERATORIAL commutator around the free one

Field
operator

[�(x),�(0)] = [�0(x),�0(0)] +
i�

2

Z t

0
d4z [�0(z),�0(0)]⇥ [�0(z),�0(x)]�0(z)

2

<latexit sha1_base64="6niu5OfEJFlfG0c2qgBzkmrdKp4="></latexit>
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Simplest check: contact interactions

[�(x),�(0)] =
1

2⇡i
�(~x2 � t2)

<latexit sha1_base64="NZ8H+1zuG4u4LbkVTKrAAWJPZUQ="></latexit>

We know the commutator for a massless free scalar…

Lint = � �

4!
�4

<latexit sha1_base64="tkHemGqPq1BY/Koe1x+gqANAIjE="></latexit>

[G.C., F. Piazza, S. Ramos; arXiv:2504.16992]

Interacting Free



[�(x),�(0)] =
1

2⇡i
�(~x 2 � t2) +

�

8⇡2i

Z t

0
d4z �(z2)�

�
(z � x)2

�
�0(z)

2

<latexit sha1_base64="CK/lGTLorE9dfzDkqCW4htK1Gww="></latexit>

Deltas functions have support only in the region

1) We have shown microcausality for the operatorial commutator!
State independent! And holds at λ2 also…

Field
operator

11

Simplest check: contact interactions

|~x|  t
<latexit sha1_base64="pqLQfsEyhZR+7TnE1rYB4164gFk=">AAACA3icbVC7TsNAEDyHVwiPGChpTkRIVJEdkKCMoKEMEnlIiRWdL5twyvnB3ToiclLyFbRQ0SFaPoSCf8E2LiBhqtHMrnZ23FAKjZb1aRRWVtfWN4qbpa3tnd2yubff0kGkODR5IAPVcZkGKXxookAJnVAB81wJbXd8lfrtCSgtAv8WpyE4Hhv5Yig4w0Tqm+VZbwI8fpjPehLuKfbNilW1MtBlYuekQnI0+uZXbxDwyAMfuWRad20rRCdmCgWXMC/1Ig0h42M2gm5CfeaBduIs+JweR5phQENQVEiaifB7I2ae1lPPTSY9hnd60UvF/7xuhMMLJxZ+GCH4PD2EQkJ2SHMlkkaADoQCRJYmByp8ypliiKAEZZwnYpRUVEr6sBe/XyatWtU+rdZuzir1y7yZIjkkR+SE2OSc1Mk1aZAm4SQiT+SZvBiPxqvxZrz/jBaMfOeA/IHx8Q0kpZf+</latexit>

2) In contrast to the free theory, the commutator is supported also   

x

t

t>0inside the light-cone! The value inside is State dependent 

3) Position space analysis

Lint = � �

4!
�4

<latexit sha1_base64="tkHemGqPq1BY/Koe1x+gqANAIjE="></latexit>

We use the interaction picture formalism to expand the interacting OPERATORIAL commutator around the free one

[G.C., F. Piazza, S. Ramos; arXiv:2504.16992]



[�(x),�(0)] =
1

2⇡i
�(x2 � t2)� i

4⇡2⇤

Z t

0
A(�)@0�(z

2 � x2)@0(z
2) + Bij(�)@i�(z

2 � x2)@j�(z
2) + . . .

<latexit sha1_base64="OIKgDLAOnHGmNTfut3OJohgX7xg="></latexit>
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Change of the causal structure: derivative interactions

Field
operators

Derivative
of Deltas

The free commutator is corrected by a convolution of Field operators and derivative of Delta functions! 

2) Then, we show that derivative interactions are associated to a change in the light-cone structure of

1) We evaluate expectation values of the commutator (so of         and           ) and show that these derivative
corrections persist only in Lorentz breaking states.

A(�)

<latexit sha1_base64="LjeW3zvT489GysjKAQ0ruiY/FHw=">AAACBXicbVC7TgJBFJ3FF+ILtLSZSEywIbuGRO1QG0tM5JEAIXeHC0yYfWTmroZsqP0KW63sjK3fYeG/uIsUCp7q5Jx7c889bqikIdv+tDIrq2vrG9nN3Nb2zu5evrDfMEGkBdZFoALdcsGgkj7WSZLCVqgRPFdh0x1fp37zHrWRgX9HkxC7Hgx9OZACKJF6+ULHAxoJUPHltNQJR/Kkly/aZXsGvkycOSmyOWq9/FenH4jIQ5+EAmPajh1SNwZNUiic5jqRwRDEGIbYTqgPHppuPIs+5ceRAQp4iJpLxWci/t6IwTNm4rnJZBrULHqp+J/Xjmhw3o2lH0aEvkgPkVQ4O2SElkknyPtSIxGkyZFLnwvQQIRachAiEaOkpFzSh7P4/TJpnJadSvnitlKsXs2bybJDdsRKzGFnrMpuWI3VmWAP7Ik9sxfr0Xq13qz3n9GMNd85YH9gfXwDuYqYQw==</latexit>

Bij(�)

<latexit sha1_base64="PWFVk0hTEsR8RCPudwoWMY9W++I=">AAACCnicbVDLTgJBEJzFF+ILNfHiZSIxwQvZNSTqjeDFIybySICQ3qGBkdlHZnpNyMof+BVe9eTNePUnPPgv7iIHRetUqepOV5cbKmnItj+szNLyyupadj23sbm1vZPf3WuYINIC6yJQgW65YFBJH+skSWEr1Aieq7Dpji9Tv3mH2sjAv6FJiF0Phr4cSAGUSL38QccDGglQcXXai+XttNgJR/Kkly/YJXsG/pc4c1Jgc9R6+c9OPxCRhz4JBca0HTukbgyapFA4zXUigyGIMQyxnVAfPDTdeJZ/yo8jAxTwEDWXis9E/LkRg2fMxHOTyTStWfRS8T+vHdHgvBtLP4wIfZEeIqlwdsgILZNikPelRiJIkyOXPheggQi15CBEIkZJU7mkD2fx+7+kcVpyyqWL63KhUp03k2WH7IgVmcPOWIVdsRqrM8Hu2SN7Ys/Wg/VivVpv36MZa76zz37Bev8C/CGaoA==</latexit>

the free theory

L =
1

2
@µ�@

µ�+
1

⇤
(@µ�@

µ�)2
<latexit sha1_base64="HZJu5ZfwZJspzN1nBG8XWRaQIq0="></latexit>

Formally, this theory is Lorentz invariant

[G.C., F. Piazza, S. Ramos; arXiv:2504.16992]

Important point: derivative interactions!
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[G.C., F. Piazza, S. Ramos; arXiv:2504.16992]

Change of the causal structure: derivative interactions

Lorentz invariant vacuum

|0i
<latexit sha1_base64="24gGYzVjKJpigNymyYc6204k8Jk=">AAAB+3icbVC7TsNAEDzzDOEVoKQ5ESFRRXZAgjKChjJI5IGSKFpfNuGU89m6WyNFIV9BCxUdouVjKPgXbOMCEqYazexqZ8ePlLTkup/O0vLK6tp6YaO4ubW9s1va22/aMDYCGyJUoWn7YFFJjQ2SpLAdGYTAV9jyx1ep33pAY2Wob2kSYS+AkZZDKYAS6e7R7RrQI4X9UtmtuBn4IvFyUmY56v3SV3cQijhATUKBtR3Pjag3BUNSKJwVu7HFCMQYRthJqIYAbW+aBZ7x49gChTxCw6XimYi/N6YQWDsJ/GQyALq3814q/ud1Yhpe9KZSRzGhFukhkgqzQ1YYmTSBfCANEkGaHLnUXIABIjSSgxCJGCfVFJM+vPnvF0mzWvFOK9Wbs3LtMm+mwA7ZETthHjtnNXbN6qzBBAvYE3tmL87MeXXenPef0SUn3zlgf+B8fAN4gpTe</latexit>

Lorentz breaking coherent state

|µi
<latexit sha1_base64="fWZT+qFDQOCM5FHHITq5zKDid8g=">AAAB/XicbVC7TsNAEDzzDOEVoKQ5ESFRRXZAgjKChjJI5CElVrS+bMIp57N1t0aKTMRX0EJFh2j5Fgr+BTukgISpRjO72tkJYiUtue6ns7S8srq2Xtgobm5t7+yW9vabNkqMwIaIVGTaAVhUUmODJClsxwYhDBS2gtFV7rfu0VgZ6Vsax+iHMNRyIAVQJnUeumHSNaCHCnulsltxp+CLxJuRMpuh3it9dfuRSELUJBRY2/HcmPwUDEmhcFLsJhZjECMYYiejGkK0fjqNPOHHiQWKeIyGS8WnIv7eSCG0dhwG2WQIdGfnvVz8z+skNLjwU6njhFCL/BBJhdNDVhiZdYG8Lw0SQZ4cudRcgAEiNJKDEJmYZOUUsz68+e8XSbNa8U4r1Zuzcu1y1kyBHbIjdsI8ds5q7JrVWYMJFrEn9sxenEfn1Xlz3n9Gl5zZzgH7A+fjG3DxlgA=</latexit> hµ|[�(x),�(0)]|µi = 1

2⇡i

⇢
1 +

µ2

⇤
~x @~x

�
�(~x2 � t2)

<latexit sha1_base64="TYrR+1TICoJdaeDqgtsOlpMrs+c="></latexit>

All derivatives of delta-functions cancel out!

Key property: hµ|�̂0|µi ⇠ µt

<latexit sha1_base64="508HpxjyErTAUAAUkvG7AOd1tY0=">AAACIXicbVDLSgNBEJz1GeMr6tHLYBC8GHZFUG+iF48RjArZEHrHNhmcmV1megVZ8xV+gl/hVU/exJuI/+JszMFXnYqqbrqrkkxJR2H4FoyNT0xOTVdmqrNz8wuLtaXlU5fmVmBLpCq15wk4VNJgiyQpPM8sgk4UniVXh6V/do3WydSc0E2GHQ09Iy+lAPJSt7YZKzA9hTzW+W3cByrirC8H3fDWC7EderGTuvQ5dWv1sBEOwf+SaETqbIRmt/YRX6Qi12hIKHCuHYUZdQqwJIXCQTXOHWYgrqCHbU8NaHSdYhhrwNdzB5TyDC2Xig9F/L5RgHbuRid+UgP13W+vFP/z2jld7nYKabKc0IjyEElfQXnICSt9X8gvpEUiKD9HLg0XYIEIreQghBdzX2DV9xH9Tv+XnG41ou3G3vF2ff9g1EyFrbI1tsEitsP22RFrshYT7I49sEf2FNwHz8FL8Po1OhaMdlbYDwTvn46RpIo=</latexit>

h0|[�(x),�(0)]|0i = 1

2⇡i
�(~x2 � t2)

<latexit sha1_base64="M5AGbxcR9CT/NCwiE1B6ACtG1Dg="></latexit>

Derivatives of delta-functions don’t cancel!

[�(x),�(0)] =
1

2⇡i
�(x2 � t2)� i

4⇡2⇤

Z t

0
A(�)@0�(z

2 � x2)@0(z
2) + Bij(�)@i�(z

2 � x2)@j�(z
2) + . . .

<latexit sha1_base64="OIKgDLAOnHGmNTfut3OJohgX7xg="></latexit>

We consider expectation values of 
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We see it by the semiclassical analysis of the fluctuations

�(z) = µt+ '

<latexit sha1_base64="K46CHziVx88mxFrpEVZqLxuCFSA=">AAACCXicbVDLSgNBEJyN7/haFU9eBoMQEcKuBNSDIHrxqGAekA2hd9JJhsw+mOkNxMUv8Cu86smbePUrPPgvbmIOmlinoqqbri4/VtKQ43xaubn5hcWl5ZX86tr6xqa9tV01UaIFVkSkIl33waCSIVZIksJ6rBECX2HN71+N/NoAtZFReEfDGJsBdEPZkQIok1r2rhf3ZPH+8NwLEk5H3gB0JrTsglNyxuCzxJ2QApvgpmV/ee1IJAGGJBQY03CdmJopaJJC4UPeSwzGIPrQxUZGQwjQNNNx/Ad+kBigiMeouVR8LOLvjRQCY4aBn00GQD0z7Y3E/7xGQp3TZirDOCEMxegQSYXjQ0ZomfWCvC01EsEoOXIZcgEaiFBLDkJkYpIVlc/6cKe/nyXV45JbLp3dlgsXl5Nmltke22dF5rITdsGu2Q2rMMFS9sSe2Yv1aL1ab9b7z2jOmuzssD+wPr4BNAKZlg==</latexit>

['(x),'(0)] =

✓
1 + 3

µ2

⇤

◆�1/2 ✓
1 +

µ2

⇤

◆�1/2
1

2i⇡
�
�
~x2 � c2st

2
�

<latexit sha1_base64="j66+JbLWi1Jv7wAx4ZK9lNa2A+4="></latexit>

with

L =
1

2
@µ�@

µ�+
1

⇤
(@µ�@

µ�)2

<latexit sha1_base64="IrtdKc7yn0ZSVCDnopHQNNHt0e4="></latexit>

Quantize the fluctuation and find the 
commutator…

c2s =
1 + µ2

⇤

1 + 3µ2

⇤

⇠ 1� 2
µ2

⇤
<latexit sha1_base64="pOG6nPNCVYWE71qfK7QI5Napdzw="></latexit>

['(x),'(0)] =
1

2⇡i

⇢
1 +

µ2

⇤
~x@~x

�
�(~x2 � t2) + . . .

<latexit sha1_base64="G+z7oxWVMinQSkl25Nfd2Yn5RtY="></latexit>

Small     /Λ expansion…µ2

[G.C., F. Piazza, S. Ramos; arXiv:2504.16992]

Change of the causal structure: derivative interactions

If Λ<0, cs>1. True for any µ, so within 
the validity of the EFT!
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|µi : hµ|�(z)|µi = µt+ ...

<latexit sha1_base64="CjVF69UUs/za6Ttqr7hjRyc1DqY="></latexit>

�(z) = µt+ '

<latexit sha1_base64="K46CHziVx88mxFrpEVZqLxuCFSA=">AAACCXicbVDLSgNBEJyN7/haFU9eBoMQEcKuBNSDIHrxqGAekA2hd9JJhsw+mOkNxMUv8Cu86smbePUrPPgvbmIOmlinoqqbri4/VtKQ43xaubn5hcWl5ZX86tr6xqa9tV01UaIFVkSkIl33waCSIVZIksJ6rBECX2HN71+N/NoAtZFReEfDGJsBdEPZkQIok1r2rhf3ZPH+8NwLEk5H3gB0JrTsglNyxuCzxJ2QApvgpmV/ee1IJAGGJBQY03CdmJopaJJC4UPeSwzGIPrQxUZGQwjQNNNx/Ad+kBigiMeouVR8LOLvjRQCY4aBn00GQD0z7Y3E/7xGQp3TZirDOCEMxegQSYXjQ0ZomfWCvC01EsEoOXIZcgEaiFBLDkJkYpIVlc/6cKe/nyXV45JbLp3dlgsXl5Nmltke22dF5rITdsGu2Q2rMMFS9sSe2Yv1aL1ab9b7z2jOmuzssD+wPr4BNAKZlg==</latexit>

hµ|[�(x),�(0)]|µi = 1

2⇡i

⇢
1 +

µ2

⇤
~x @~x

�
�(~x2 � t2)

<latexit sha1_base64="TYrR+1TICoJdaeDqgtsOlpMrs+c="></latexit>

� +
µ2

⇤
x�0

<latexit sha1_base64="vwl/J3WOACFLHe8Z+fysqwK022g="></latexit>

x

t

In interaction picture, we reconstruct the light-cone of the interacting theory as a Taylor expansion around the 
free-light-cone.

['(x),'(0)] =
1

2⇡i

⇢
1 +

µ2

⇤
~x@~x

�
�(~x2 � t2)

<latexit sha1_base64="rS7YGUKUJxrtG+asUshFHXAmCic="></latexit>

Using interaction picture: Semiclassical theory of fluctuations: 

First order in H-int

x

t

�

<latexit sha1_base64="KP/gCg4rmJi9zmZ1vFrA+9M91J8=">AAACB3icbVC7TsNAEDyHVwivQEqaExESVWSjSEAXQUMZJBIiJVa0Pm/CKeeH7tZIkZUP4CtooaJDtHwGBf+CbVJAwlSjmd2bvfFiJQ3Z9qdVWlldW98ob1a2tnd296r7B10TJVpgR0Qq0j0PDCoZYockKezFGiHwFN55k6vcv3tAbWQU3tI0RjeAcShHUgBl0rBaGxRvpBr9WTrwURHMhtW63bAL8GXizEmdzdEeVr8GfiSSAEMSCozpO3ZMbgqapFA4qwwSgzGICYyxn9EQAjRuWgTP+HFigCIeo+ZS8ULE3xspBMZMAy+bDIDuzaKXi/95/YRG524qwzghDEUeRFJhEWSEllkryH2pkQjyy5HLkAvQQIRachAiE5OspkrWh7P4+2XSPW04zcbFTbPeupw3U2aH7IidMIedsRa7Zm3WYYJN2RN7Zi/Wo/VqvVnvP6Mla75TY39gfXwDtkmaBg==</latexit>

�

<latexit sha1_base64="YlNqkeJv9E8RRbajddxOGq6/lEQ=">AAAB+nicbVDLTgJBEJzFF+IL9ehlIjHxRHYRRG5ELx4xkUcChPQODU6YfWSm14Ss/IRXPXkzXv0ZD/6Lu8hB0TpVqrrT1eWGShqy7Q8rs7K6tr6R3cxtbe/s7uX3D1omiLTApghUoDsuGFTSxyZJUtgJNYLnKmy7k6vUb9+jNjLwb2kaYt+DsS9HUgAlUifuDVERzAb5gl20K6WSU+N28axaPa9VEmLPwZ0FKbAFGoP8Z28YiMhDn4QCY7qOHVI/Bk1SKJzlepHBEMQExthNqA8emn48zzvjJ5EBCniImkvF5yL+3IjBM2bqucmkB3Rnlr1U/M/rRjS66MfSDyNCX6SHSCqcHzJCy6QI5EOpkQjS5MilzwVoIEItOQiRiFHSTC7pw1n+/i9plYpOuVi7KRfql4tmsuyIHbNT5rAqq7Nr1mBNJphij+yJPVsP1ov1ar19j2asxc4h+wXr/QtxkZTx</latexit>

�

<latexit sha1_base64="T4ASx/Ft2HHaHdA7z77HGTIk5Yo=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtFkWVLgRvXjERB4JENI7NDhh9pGZXhOy8hNe9eTNePVnPPgvLoiJGq1Tpao7XV1epKQhx3mzMkvLK6tr2fXcxubW9k5+d69pwlgLbIhQhbrtgUElA2yQJIXtSCP4nsKWN76Y+a1b1EaGwTVNIuz5MArkUAqgVGon3QEqgmk/X3DsqnvqnJS4Y5dOqmXXTYnjViqVU160nTkKbIF6P//eHYQi9jEgocCYTtGJqJeAJikUTnPd2GAEYgwj7KQ0AB9NL5nnnfKj2ACFPELNpeJzEb9vJOAbM/G9dNIHujG/vZn4l9eJaVjpJTKIYsJAzA6RVDg/ZISWaRHIB1IjEcySI5cBF6CBCLXkIEQqxmkzubSPr6f5/6Tp2sWyXb0qF2rni2ay7IAdsmNWZGesxi5ZnTWYYIrdswf2aN1ZT9az9fI5mrEWO/vsB6zXD5d9lQs=</latexit>

⇤ > 0

<latexit sha1_base64="dnPFrOEns7RV7flSEQnueY5WDPI=">AAAB+3icbVA9TwJBEN3DL8Qv1NJmIzGxIncIIo0x2lhYYCKoAULmlgE37H1kd87EXPgVtlrZGVt/jIX/xQUpFH3Vy3tvMjPPj5U05LofTmZufmFxKbucW1ldW9/Ib241TZRogQ0RqUjf+GBQyRAbJEnhTawRAl/htT88G/vX96iNjMIreoixE8AglH0pgKx0276w0R4cu918wS26lVLJq3G3eFCtHtYqlrgTcG9KCmyKejf/2e5FIgkwJKHAmJbnxtRJQZMUCke5dmIwBjGEAbYsDSFA00knB4/4XmKAIh6j5lLxiYg/J1IIjHkIfJsMgO7MrDcW//NaCfWPOqkM44QwFONFJBVOFhmhpW0CeU9qJILx5chlyAVoIEItOQhhxcRWk7N9eLPf/yXNUtErF2uX5cLJ6bSZLNthu2yfeazKTtg5q7MGEyxgj+yJPTsj58V5dd6+oxlnOrPNfsF5/wIWppSo</latexit>

⇤ = 1

<latexit sha1_base64="tVW7qwpq+C7J/ZxKwbk1ldQxTn4=">AAACAHicdVA9SwNBEN3z2/gVtbRZDILVcTmjJoUQtLGwUDAqJFHmNhNdsrd37M4JIaTxV9hqZSe2/hML/4ubGEFFX/V47w0z86JUSUtB8OaNjU9MTk3PzObm5hcWl/LLK2c2yYzAmkhUYi4isKikxhpJUniRGoQ4UngedQ4G/vktGisTfUrdFJsxXGvZlgLISZeNIxdtwV5D6jZ1r/KFwK+EO8H2Fg/8re1KKQwdCcJyubzDi34wRIGNcHyVf2+0EpHFqEkosLZeDFJq9sCQFAr7uUZmMQXRgWusO6ohRtvsDa/u843MAiU8RcOl4kMRv0/0ILa2G0cuGQPd2N/eQPzLq2fULjd7UqcZoRaDRSQVDhdZYaSrA3lLGiSCweXIpeYCDBChkRyEcGLm+sm5Pr6e5v+Ts9AvlvzKSalQ3R81M8PW2DrbZEW2y6rskB2zGhPMsHv2wB69O+/Je/ZePqNj3mhmlf2A9/oBrJOXSQ==</latexit>

⇤ < 0

<latexit sha1_base64="JWxMTQU0VIJiAvO0KjVnMbai4S8=">AAAB+3icdVDLSgNBEJz1GeMr6tHLYBA8LbuakAQ8BL148BDBPCQJoXfSiUNmH8z0CiHkK7zqyZt49WM8+C/uxggqWqeiqpruLi9S0pDjvFkLi0vLK6uZtez6xubWdm5nt2HCWAusi1CFuuWBQSUDrJMkha1II/iewqY3Ok/95h1qI8PgmsYRdn0YBnIgBVAi3XQuk2gfTp1eLu/YFadYKpxwx3ZmSEmxUKmUuTtX8myOWi/33umHIvYxIKHAmLbrRNSdgCYpFE6zndhgBGIEQ2wnNAAfTXcyO3jKD2MDFPIINZeKz0T8PjEB35ix7yVJH+jW/PZS8S+vHdOg3J3IIIoJA5EuIqlwtsgILZMmkPelRiJIL0cuAy5AAxFqyUGIRIyTarJJH19P8/9J49h2C3blqpCvns2bybB9dsCOmMtKrMouWI3VmWA+u2cP7NGaWk/Ws/XyGV2w5jN77Aes1w8dDpSt</latexit>

x

[G.C., F. Piazza, S. Ramos; arXiv:2504.16992]

Change of the causal structure: derivative interactions

Expansion of of the Dirac Delta 
on the sound-cone 
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[G.C., F. Piazza, S. Ramos; arXiv:2504.16992]

Full-interacting commutator in the absence of 
the source

hµ|�(0)|µiJ = hµ|�(0)|µiJ=0 + i

Z 0

�1
d4xJ(x)hµ|[�(x),�(0)]|µi

<latexit sha1_base64="9WUCx/paRWmF6jVAVhoFdh5SWm4="></latexit>

The response of the field to an external perturbation is

Why derivatives of delta represent a change in the light-cone? 

L =
1

2
@µ�@

µ�+
1

⇤
(@µ�@

µ�)2 + J(x)�
<latexit sha1_base64="NMEo4INxKJRpj4QtbnwGwjcKfLc="></latexit>

Once you the derivative of Dirac delta, the change in the causal structure is automatic by applying linear response 
theory in the presence of an extended, but localized source…
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The response of the field to an external perturbation is

hµ|�(0)|µiJ = hµ|�(0)|µiJ=0 +
1

2⇡

Z 0

�1
d4xJ(x)

✓
1 +

µ2

⇤
~x@~x

◆
�(x2 � t2)

<latexit sha1_base64="18rqtM+ptxPFvbrgoRLrciHuiVM="></latexit>

[G.C., F. Piazza, S. Ramos; arXiv:2504.16992]

Why derivatives of delta represent a change in the light-cone? 

L =
1

2
@µ�@

µ�+
1

⇤
(@µ�@

µ�)2 + J(x)�
<latexit sha1_base64="NMEo4INxKJRpj4QtbnwGwjcKfLc="></latexit>

|x0| ⇠ cs(�t0)

<latexit sha1_base64="HRaFq5BRtDMcNFc5/XjMoUUzIZE=">AAACCHicbVC7TgJBFJ3FF+JrfXQ2E4kJFpJdQ6J2RBtLTOSRANnMDhecMDu7mblrROAH/ApbreyMrX9h4b+4ixQKnurknHtzzz1+JIVBx/m0MguLS8sr2dXc2vrG5pa9vVMzYaw5VHkoQ93wmQEpFFRRoIRGpIEFvoS6379M/fodaCNCdYODCNoB6ynRFZxhInn23ujec0YtIwLKPUMLx+g5R56dd4rOBHSeuFOSJ1NUPPur1Ql5HIBCLpkxTdeJsD1kGgWXMM61YgMR433Wg2ZCFQvAtIeT9GN6GBuGIY1AUyHpRITfG0MWGDMI/GQyYHhrZr1U/M9rxtg9aw+FimIExdNDKCRMDhmuRVIL0I7QgMjS5ECFopxphghaUMZ5IsZJT7mkD3f2+3lSOym6peL5dSlfvpg2kyX75IAUiEtOSZlckQqpEk4eyBN5Ji/Wo/VqvVnvP6MZa7qzS/7A+vgGmPGYng==</latexit>
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✓
1� µ2

⇤

◆

<latexit sha1_base64="aLvilFfr8013PcPG+zsvcLA1hR8="></latexit>

Once you the derivative of Dirac delta, the change in the causal structure is automatic by applying linear response 
theory in the presence of an extended, but localized source…

Choose a gaussian source: the signal induced by the source propagates on the effective light-cone 

No need to know the full interacting light-cone to see that the causal structure is changed!
Perturbation theory is enough!

Full-interacting commutator in the absence of 
the source



The distortion of the light-cone emerges perturbatively in the commutator as a series of 
derivatives of delta functions, representing a Taylor expansion of the interacting light-cone around 

the free one. 

18

Conclusions

3)     Derivative of delta functions can be connected to a change in the causal structure using linear response theory. It 
does not rely on any resummation

hµ|[�(x),�(0)]|µi = 1

2⇡i

⇢
1 +

µ2

⇤
~x @~x

�
�(~x2 � t2)
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1)    The commutator encodes the causal structure of the theory.

['(x),'(0)] =

✓
1 + 3

µ2

⇤

◆�1/2 ✓
1 +

µ2

⇤

◆�1/2
1

2i⇡
�
�
~x2 � c2st

2
�
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Interaction picture and coherent states Semiclassical analysis of fluctuations

2)      We need perturbative techniques to check where it is supported (interaction picture), in particular for non- 
Lorentz invariant theories or EFTs. Expanding around Minkowski provide a promising technique to check this support


