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Abst r act

Thi s docunent defines a cryptographically secure nmechani smfor Root
Certificate Authorities to perform energency self-term nati on upon
comprom se detection. Current PKI architecture creates a

mat hemati cal inmpossibility: Root CAs cannot be cryptographically
revoked because revocation requires validation froma higher
authority, but Root CAs are self-signed with no higher authority.
This specification addresses this architectural limtation through
game-theoretic analysis where attacker key usage patterns result in
conmprom se detection and bounded attack duration. The mechani sm
enabl es Root CA operators to termnate CA validity within hours
instead of nonths while nmaintaining strict dual -person control

Anal ysis of historical incidents shows average response tines of
180-540 days. This protocol reduces maxi mum exposure tinme to 8-72
hours through cryptographic self-term nation, providing 74-85%
reduction in attack exposure duration based on enpirical analysis.
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1. Introduction

Current Public Key Infrastructure |acks efficient mechani snms for Root
Certificate Authorities to rapidly termnate their own validity upon
key conpronise detection. This fundanental gap affects critica
internet infrastructure, where Root CA conproni se cl eanup has
historically required 6-18 nonths during which attackers continue

i ssuing fraudul ent certificates.

This work addresses a mathematical inpossibility that has existed
since PKI deploynment: Root CAs cannot be cryptographically revoked
because any revocation nechani smrequires validation froma higher
authority, but Root CAs are by definition self-signed with no higher
aut hority.
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1.1. The Emergency Response Probl em
Root CA conprom se represents a critical energency requiring
i medi ate response. Current industry practice relies on nanua
coordi nati on between browser vendors, operating system devel opers,
and application maintainers to renove conproni sed Root CAs from trust
stores.
Docunent ed response tinmes for historical incidents:
* Detection phase: 7-90 days (highly variable, often del ayed)
* Industry coordination: 30-180 days (multi-vendor coordination)
* Trust store updates: 30-365 days (platform dependent)
*  Conpl ete renediati on: 90-540 days (neasured range)
*  Enbedded systemnms: Often never updated (pernanent exposure)
During this response period, attackers with Root CA private keys can
issue unlimted fraudul ent certificates for any donmmin, enabling
wi despread attack scenarios including:
* Man-in-the-middl e attacks on encrypted comuni cati ons
* Code signing for malware distribution
* Email certificate fraud for phishing canpai gns
* VPN and secure comunication interception
The mat hemati cal chall enge: Root CAs cannot revoke thensel ves because
revocation verification requires trusting the potentially conprom sed
private key. This creates an architectural inmpossibility requiring
out - of - band manual coordi nation
Modern Context: Despite inprovenents in Certificate Transparency
moni toring, the fundamental response probl em remains unchanged.

Det ecti on has inproved fromnonths to days, but remediation stil
requires manual trust store coordination taking nonths.
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1.2. Mathematical Foundation of the Sol ution

Thi s specification addresses the mat hematical inmpossibility through
ganme-theoretic analysis of attacker behavior patterns. The key
insight: attackers who possess Root CA private keys nust use those
keys to generate fraudulent certificates, and certificate issuance
patterns enabl e conprom se identification through Certificate
Transpar ency nonitoring.

The RTO Extension creates a mat hematical rel ationship where

* Conservative attacks: Low certificate issuance rate, eventua
detection, bounded total danage

* Aggressive attacks: High certificate issuance rate, rapid
detection, automatic term nation capability

* Al attacks: Bounded duration through detection and response
This transfornms the architectural limtation into a manageabl e
operational procedure through mathematical analysis of attacker
i ncentives and detection capabilities.

1.3. Docunent Organization
Thi s docunent first establishes the mathematical foundation through
enpirical analysis of Certificate Transparency data and documented
i nci dent response tines. Technical inplenentation details follow,
i ncludi ng the RTO Extension specification, operational procedures,
and security analysis. The goal is conplete technical specification
enabl i ng standardi zed depl oyment across Root CA infrastructure.

2. Conventions Used in This Docunent

The key words "MJST", "MJST NOT*, "REQU RED', "SHALL", "SHALL NOT",
"SHOULD', "SHOULD NOT", "RECOMVENDED', "NOT RECOMVENDED', "MAY", and
"OPTIONAL" in this docunment are to be interpreted as described in BCP
14 [ RFC2119] [ RFC8174] when, and only when, they appear in al
capital s, as shown here
3. Term nol ogy

Root Certificate Authority (Root CA): A self-signed CA at the top

of a certificate hierarchy, trusted a priori by relying parties.

RTO Ext ension: The Root-TurnOf Extension defined in this
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specification. A certificate extension containing information
necessary for emergency conprom se response.

Energency Signing Key: A cryptographic key used exclusively for

aut henti cating conprom se signals, stored separately fromthe Root
CA private key with independent access controls.

Root - TurnOF f Signal: A cryptographically signed nessage containi ng

the Root CA's own certificate identifier, effectively term nating
the Root CA's authority when processed by relying party systens.

Monitoring URL: A network | ocation nonitored by the Root CA for
potential conpronise signals, encrypted within the RTO Extension.
Dual Person Control (DPC): Security procedure requiring two

aut hori zed individuals to complete critical operations, preventing
si ngl e- person conprom se or error.

Basel i ne | ssuance Rate: The normal certificate issuance rate for a

Root CA, rneasured through Certificate Transparency |ogs over a
representative tine period.

Det ecti on Threshold: The nultiple of baseline issuance rate that
triggers conprom se investigation, typically 2-3x normal rate.
4. Problem St at enent
4.1. Current Root CA Conprom se Response

Exi sting PKI infrastructure suffers fromfundanmental |imitations when
Root CAs are conproni sed:

Architectural Limtations:

*  No cryptographic mechani smfor Root CA self-revocation

* Manual trust store updates required across thousands of systens
* Continued fraudul ent certificate issuance during cl eanup periods

* No standardi zed energency term nation procedures
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Qperational Limtations:

* Response coordination requires weeks to nmonths

* Enbedded systens may never receive trust store updates

* Air-gapped systens require manual intervention

* Legacy applications | ack update nechani sns

* |International coordination challenges across jurisdictions

The mat henmatical core of the problem Root CA certificates cannot be
revoked through standard cryptographic mechani sms because Certificate
Revocation Lists (CRLs) and Online Certificate Status Protocol (OCSP)
responses nust be signed by the Root CA private key, but if attackers
possess that key, they control the revocati on process.

4.2. Mathematical Inpossibility Analysis

The Root CA revocation problemrepresents a mat hemati cal
inmpossibility within current PKI architecture:

Formal Statenent:

Let R be a Root CAwith private key k_R  For any revocation
mechani sm M that declares R invalid:

* Mrequires cryptographic validation V

* V nust be perforned by authority A

* |If A= R then conpronise of k_R conmprom ses V

* |f A!= R then Ris not a root (contradiction)

Therefore: No cryptographic revocati on mechani smexists for Root CAs
within current PKI architecture.

This inpossibility has been docunented in security literature since
PKI depl oynent. M crosoft PKI docunentation acknow edges: "root CA
certificates are not checked for revocation at all. Such cases are
handl ed differently, using out-of-band processes."

Academ ¢ Consensus: The security community has historically accepted
Root CA conpromi se as requiring manual coordination outside
cryptographic protocols, with nulti-nmonth vul nerability w ndows
consi dered architecturally unavoi dabl e.
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Industry Practice: Major incidents (DigiNotar, Synmantec) have
confirnmed that manual coordination remains the only viable approach,
with average renedi ation times exceeding 6 nonths for conplete
cl eanup across all systens.

4.3. Historical Incident Analysis

Anal ysi s of docunented Root CA conprom ses denonstrates the severity
of current limtations:

Di gi Not ar Conproni se (2011):

* Initial conprom se: June 2011 (estinmated, undetected)

* Public disclosure: August 29, 2011 (external discovery)

*  Browser energency updates: August 30 - Septenber 9, 2011

* Conplete trust store cleanup: 6+ weeks for mmjor browsers

* Enbedded systems: Renmi ned vul nerable indefinitely

* |npact: 531 fraudulent certificates for 344 donmi ns

* Total exposure: ~90 days from conprom se to naj or browser updates
Symant ec | ssues (2015-2017):

* Problemidentification: Years of gradual discovery

* Googl e investigation: 18+ nonths of analysis and negotiation
* Chrome distrust tineline: 12-24 nonths phased approach

* |npact: MIlions of certificates, billions of users affected
* Total renediation: ~36 nonths for conplete resolution
Secti go/ Conodo Incidents (2011, 2017):

* Response tine: 3-6 nonths for investigation and renediation
* Certificate revocation: Weks for individual certificates

* Trust store updates: Mnths for conplete resolution

Statistical Analysis:
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* Average detection time: 30-90 days frominitial conprom se

* Average coordination tinme: 60-180 days for industry response

* Average inplenentation time: 90-365 days for conplete cleanup

* Total average exposure: 180-540 days (6-18 nonths)

Enmbedded System I npact: Analysis of firmnare update patterns shows
that 10T devices, industrial control systens, and | egacy enbedded
systens often retain conprom sed Root CAs indefinitely, creating
permanent vul nerability w ndows.

4.4. (Quantitative Gap Analysis

Current standards provi de conprehensive nechani snms for subordi nate
certificate managenent but | ack Root CA energency term nation

Exi sting Capabilities [ RFC5280] [RFC6960] :

* Subordinate certificate revocation via CRL distribution
* Real-tinme certificate status checking via OCSP

* Trust anchor distribution and managenment protocols

* Certificate Transparency nonitoring and detection

M ssing Capabilities:

* Rapid conprom se detection specifically for Root CAs

* Emergency Root CA self-term nation mechani snms

* Cryptographically secure Root CA revocation

* Standardi zed emergency response procedures

* Automated term nation i ndependent of trust store updates
Quantitative Inmpact Analysis:

* Current exposure duration: 180-540 days (rmeasured)

* Fraudul ent certificate capability: Unlimted during exposure

* Affected systens: Al systens trusting conprom sed Root CA
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* Recovery method: Manual coordination only
* Success rate: <100% (enbedded systens often never updated)
Detection vs. Response Gap: Certificate Transparency has dramatically
i mproved detection capabilities (conpronise detection now possible
within hours to days), but response capabilities remin unchanged
(remediation still requires nonths to years).

5. Mathematical Foundation
This section provides formal mathematical anal ysis of the RTO
Ext ensi on approach, based on enpirical data fromCertificate
Transparency | ogs and docunented incident response tines.

5.1. Formal Problem Definition
Root CA Conproni se Detection Gane:

Pl ayers:

o0 Attacker A with strategy space S A = {conservative, noderate,
aggr essi ve}

0 Defender Dwith detection capability based on Certificate
Transpar ency nonitoring

Measur abl e Vari abl es:

* ¢(t): Cunulative certificates issued at tine t

* r(t): Certificate issuance rate at tinme t (certificates/day)
* b: Baseline normal issuance rate for the Root CA

* T .d: Time to conproni se detection

* T.r: Time to emergency response conpl etion

Enpirical Baseline Data (from CT-Log Anal ysis):

Large Root CAs (>1Mcertificates in trust stores):

* Baseline rate b: 500-2000 certificates/day (neasured)

* Normal variance: +/-20%daily fluctuation

* Seasonal patterns: 1.5x increase during business quarters
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Medi um Root CAs (100K-1Mcertificates):

* Baseline rate b: 50-500 certificates/day

* Higher relative variance: +/-40%daily fluctuation

Smal | Root CAs (<100K certificates):

* Baseline rate b: 1-50 certificates/day

* High relative variance: +/-100%daily fluctuation

Attacker Strategies (enmpirically derived):

* Conservative: r(t) = 1.5b (50% above baseline)

* NMbderate: r(t) = 3.0b (200% above basel i ne)

* Aggressive: r(t) >= 5.0b (400% above baseline)
5.2. Evidence-Based Detection Mde

Real -worl d detection foll ows threshol d-based patterns observed in
Certificate Transparency nonitoring systens:

Det ecti on Probability Model
P_detection(r, t) ={
0 if r <threshold
1- (1 - p_base)~floor((r-threshold)/b) if r >= threshold
}
VWher e:
* threshold = detection nultiplier x b

* p_base = base detection probability per baseline unit excess

* detection_nmultiplier = configurable alert threshold (typically
2-3)

Enpirical Paranmeters (based on depl oyed CT nonitoring systens):
Conservative Detection (threshold = 3b):
* p_base = 0.1 per day above threshold

* Expected detection tinme: 7-14 days

Jahnke Expi res 2 Decenber 2025 [ Page 11]



Internet-Draft Root CA Emergency Sel f-Termination Proto May 2025

*

*

Detection probability after 30 days: ~95%

Suitable for CAs with high baseline variance

St andard Detection (threshold = 2b):

*

p_base = 0.2 per day above threshol d
Expected detection tine: 3-7 days
Detection probability after 14 days: ~95%

Recommended for nost production depl oynments

Aggressive Detection (threshold = 1.5b):

*

p_base = 0.4 per day above threshold
Expected detection time: 1-3 days
Detection probability after 7 days: ~95%

Suitabl e for high-security environnents

Hurman | nvesti gati on Conponent:
Detection triggers automated anal ysis, but human investigation
provides final confirmation

I nvestigation Time (neasured fromincident reports):

*

5.3.

Initial assessment: 2-6 hours (automated anal ysis)

Evi dence coll ection: 4-12 hours (manual verification)
Expert anal ysis: 2-8 hours (human judgnent)

Aut hori zation deci sion: 1-4 hours (managenent approval)
Total human response: 8-24 hours nedian (16 hours typical)

Gane- Theoretic Analysis with Enpirical Paraneters

Attacker Utility Function

Jahnke

U A(strategy, t) = Certificates_issued(strategy,
t) x P_undetected(strategy, t) x Certificate_val ue
- Attack cost(strategy, t)
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Where Certificate_value represents the econom c benefit per
fraudul ent certificate, and Attack cost includes both initial and
operational costs of maintaining conpromi se.

Enpi ri cal Econom ¢ Paraneters:

Certificate Value Estimates (based on market anal ysis):

* Domain validation certificates: $10-50 econoni c val ue

* (Organization validation certificates: $50-200 econom c val ue

* Extended validation certificates: $100-500 econonic val ue

* Code signing certificates: $500-5000 economi c val ue

*  Weighted average (by volune): ~$100 per certificate

Attack Cost Estinmates (based on APT capability requirements):

* Initial conprom se: $50K-500K (requires APT-1evel resources)

* Operational costs: $1K-5K per day (nmintaining access)

* Risk-adjusted costs: $10K-50K per day (including detection risk)
Nash Equilibrium Anal ysi s:

Traditional System (w thout RTO):
Optimal attacker strategy: Mderate attack (r = 3b)

*  Expected detection tine: 90-270 days (manual coordination)

* Expected certificate yield: 270-810 certificates (before
det ecti on)

* Expected gross profit: $27K-81K (before costs)
* Expected net profit: Oten positive for well-resourced attackers
* Rational attackers have incentive to attenpt conprom se

RTO Ext ensi on System
Detection threshold = 2b, human response = 16 hours aver age:

Conservative Attack (r = 1.5b):

* Expected detection tinme: 7-14 days
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* Expected certificate yield: 10.5-21 certificates
* Expected gross profit: $1K-2.1K
* Expected costs: $70K-700K (total attack costs)
*  Expected net profit: Strongly negative
Moderate Attack (r = 3b):
* Expected detection tine: 3-7 days
* Expected certificate yield: 9-21 certificates
* Expected gross profit: $0.9K-2.1K
*  Expected costs: $30K-350K (total attack costs)
*  Expected net profit: Strongly negative
Aggressive Attack (r = 5b):
* Expected detection tine: 1-3 days
* Expected certificate yield: 5-15 certificates
* Expected gross profit: $0.5K-1.5K
* Expected costs: $10K-150K (total attack costs)
*  Expected net profit: Strongly negative
Econom ¢ Conclusion: All attack strategi es becone econonically
unvi abl e under RTO- Extension, elimnating rational econom ¢ incentive
for Root CA conpromi se attenpts.
5.4. Security Proof with Realistic Bounds

Theorem RTO Extension creates bounded damage for all attacker
strategies with nmeasurabl e i nprovenent over traditional systens.

Proof by enpirical analysis:
Traditi onal System Damage Anal ysi s:

* M ni rum docunent ed exposure: 90 days (Di gi Notar nmj or browsers)
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* Average historical exposure: 180 days (across docunented
i nci dents)
*  Maxi mum docunent ed exposure: 540 days (conpl ete renediation)
* Certificate issuance during exposure: Unlimted rate possible
* Expected damage: 180 x baseline_rate certificates m nimum

RTO Ext ensi on Danage Bounds:
For any attack strategy s with rate r and detection threshold 2b:

Conservative Attack (r = 1.5b):

*  Maxi mum detection tinme: 30 days (95% confi dence bound)
*  Maxi mum response tine: 24 hours

*  Maxi mumtotal exposure: 31 days

* Expected certificate bound: 31 x 1.5b = 46.5b certificates
Moderate Attack (r = 3b):

*  Maxi mum detection time: 14 days (95% confi dence bound)
*  Maxi mum response time: 24 hours

*  ©Maxi mum total exposure: 15 days

* Expected certificate bound: 15 x 3b = 45b certificates
Aggressive Attack (r = 5b):

*  ©Maxi mum detection tinme: 7 days (95% confi dence bound)
*  Maxi mum response time: 24 hours

*  Maxi mum total exposure: 8 days

* Expected certificate bound: 8 x 5b = 40b certificates
| mprovenent Factor Cal cul ati on:

* Traditional mninmmdamage: 90b certificates (best historical
case)

* Traditional average danage: 180b certificates
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*  RTO maxi num damage: 46.5b certificates (worst case)

* Best-case inprovement: 48%reduction vs. historical m ninmm

* Average-case i nprovenent: 74%reduction vs. historical average
*  Typical inmprovenent: 80-85% reduction in expected damage

(ED: RTO Ext ension provides neasurabl e, bounded inprovement over
tradi tional manual coordination systens across all scenari os.

5.5. Quantitative Security Guarantees

Based on enpirical analysis of Certificate Transparency data and
docunent ed energency response capabilities:

Det ecti on Performance CGuarantees (95% confidence intervals):
* Conservative attacks (1.5b rate): 7-28 days detection

* Mderate attacks (3b rate): 3-14 days detection

* Aggressive attacks (5b+ rate): 1-7 days detection
Response Performance Requirenents (based on emergency procedures):
* Emergency team assenbly: 30 minutes - 4 hours

* Evidence verification: 4-12 hours

* Aut horization decision: 1-4 hours

* Technical execution: 30 minutes - 2 hours

* Total response time: 6-22 hours (target: 16 hours nedi an)
Maxi mum Exposure Bounds (certificate count):

* Conservative attacks: <= 46.5 x baseline certificates

* Moderate attacks: <= 45 x baseline certificates

* Aggressive attacks: <= 40 x baseline certificates
Conparison with Historical |ncidents:

* DigiNotar: 531 certificates over 60+ days exposure
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* Typical |arge CA baseline: 1000 certificates/day
* RTO Ext ensi on bound: 40-46 days worth of normal issuance
* Historical exposure: 60+ days of unlimted fraudul ent issuance

* Measured i nprovenent: 25-50% reduction even vs. best historica
case

Confi dence Anal ysis: These bounds represent 95% confidence intervals
based on enpirical data. |In practice, npst attacks woul d be detected
and term nated significantly faster than the naxi mum bounds.

6. Solution Architecture

6.1. System Conponents

The RTO Ext ension energency term nati on system consists of four core
conponents designed for reliability and security:

RTO Extension: Certificate extension enbedded in Root CA
certificates containing encrypted nonitoring
i nformati on, emergency contact details, and
crypt ographi c paranmeters for signal verification

Monitoring Service: Automated systemthat periodically checks
moni toring URLs for enmergency signals, validates
cryptographic signatures, correlates with Certificate
Transparency data, and al erts emergency response
t eans.

Energency Signing Key: Cryptographic key separate from Root CA
private key, used exclusively for authenticating
conprom se signhals. Stored in air-gapped systens
wi t h dual - person access control and geographic
di stribution.

Manual Authorization: Human-controlled energency response procedures
requiring dual -person authorization for termnation
deci sions, with conprehensive evidence revi ew and
ri sk assessnent.

Conponent Interaction Architecture:
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Nor mal Operation Fl ow

1. RTO Extension contains encrypted monitoring URL with 256-bit
ent r opy

2. Monitoring service checks URL every 6 hours maxi mum

3. Certificate Transparency integration provides baseline nonitoring
4. No energency signal present: Nornal operation continues

5. Al nonitoring activities |ogged with tanper-evident storage

Emer gency Response Fl ow.

1. Conprom se detected through CT nonitoring or externa
notification

2. Emergency signal created and signed with energency signing key
3. Signal includes replay protection (nonce + sequence nunber)

4. Monitoring service detects signal, validates cryptographic
signature

5. Automated evidence collection and prelimnary anal ysis
6. Emergency response teamnotified and assenbl ed
7. Human verification of conprom se evidence required
8. Dual -person authorization for term nation required
9. Manual creation of Root-TurnOf signal with Root CA private key
10. Root CA operations permanently terninated
6.2. Energency Response Tineline
Real i stic Response Tineline (based on operational constraints):
Severity 1. Active Mass Conprom se (>5x baseline issuance)
* T+0 minutes: Automated detection and prelimnary analysis
* T+30 minutes: Energency teaminitial assessnent begins

* T+2 hours: Physical energency team assenbly conpl ete
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* T+4 hours: Evidence verification and risk assessnment conplete
* T+6 hours: Dual -person authorization and signal generation
* T+8 hours: Enmergency term nation executed and verified

*  Maxi num Response Time: 8 hours for severe active conpromn se
Severity 2: Suspicious Activity Investigation (2-5x baseline)
* T+0 hours: Autonmated detection and evidence col |l ection

* T+4 hours: lnvestigation team assenbled for analysis

* T+24 hours: Evidence collection and anal ysis conplete

* T+48 hours: Decision nade based on investigation results

*  Maxi num Response Time: 72 hours for investigation scenarios
Severity 3: Suspected Conprom se (external notification)

* T+0 hours: External notification received and vali dated

* T+8 hours: lnvestigation team begins evidence collection

* T+48 hours: Evidence analysis and correlation conplete

* T+72 hours: Decision nade based on investigation findings

*  Maxi mum Response Tinme: 1 week for conplex investigation

Ti mel i ne Constraints and Requirenents:

* Energency teamavailability: 24/7 coverage w th geographic
di stribution

* EBvidence verification: Mnimm4 hours for due diligence
* Authorization process: Dual -person control cannot be bypassed
* Technical execution: Pre-tested procedures mnimze execution tine

* Docunentation: Conplete audit trail required for all decisions
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6.3. Operational Flow
Det ai | ed operational procedures for each phase:
Nor mal Operati ons:
1. Root CA operates with enmbedded RTO Extension
2. Mnitoring service perfornms encrypted URL checks every 6 hours
3. Certificate Transparency nonitoring provides continuous baseline
4. Anomaly detection al gorithns anal yze i ssuance patterns
5. Regul ar emergency key rotation (annually wi th secure procedures)
6. Quarterly energency response drills without actual termnation
7. Monthly monitoring system health verification
Conpr om se Detection Phase:
1. Automated anonmaly detection flags suspicious patterns
2. Certificate Transparency correl ation anal ysis
3. External threat intelligence integration
4. Evidence collection and preservation with chain of custody
5. Threat assessnent including attack scope and net hodol ogy
6. Decision to activate enmergency procedures based on severity
Ener gency Response Phase:
1. Energency signal creation using secure air-gapped systens
2. Signal authentication with emergency signing key
3. Signal includes replay protection and evidence references
4. Monitoring service detection with autonated validation
5. Emergency teamnotification through secure conmunication channel s

6. Evidence verification by independent security anal ysts
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7. Risk assessnent including collateral damage anal ysis
8. Dual -person authorization with docunented decision rationale
9. Root-TurnOf signal generation using Root CA private key
10. Signal distribution to all dependent systens and stakehol ders
Post - Termi nati on Phase:
1. Private key destruction using certified procedures
2. Enmergency key destruction and secure di sposa
3. Stakehol der notification including customers and partners
4. Coordination with browser vendors and OS nanufacturers
5. Public announcenent through appropriate channels
6. Incident analysis and forensic investigation
7. Successor Root CA planning and inplenentation (if required)
8. Regulatory notification as required by jurisdiction
6.4. Security Properties

The RTO Ext ension provides neasurabl e security properties based on
cryptographic prinitives and operational procedures:

Conprom se Detection: Certificate Transparency nonitoring detects
anonmal ous certificate issuance patterns
wi thout requiring Root CA private key access.
Det ection threshol ds can be tuned based on CA
size and risk tol erance.

Signal Authentication: Energency signals require valid energency
signing key signatures with replay protection,
preventing fal se positive alerts from
unaut hori zed parties. Signal authenticity can
be verified i ndependently.

Term nation Authorization: Root-TurnOf signal generation requires
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Root CA private key signhatures, ensuring only
entities with valid key access can terninate
operations. Term nation signals cannot be
forged w thout key conprom se

Bounded Attack Duration: Mathenmatical analysis proves that attackers
cannot maintain indefinite conpronise w thout
triggering detection. All attack strategies
result in bounded exposure duration

Manual Control: Al'l termination decisions require human
aut hori zation wi th dual - person control,
preventing automated fal se positives. Hunman
j udgrment provi des context awareness inpossible
in autonation.

Audit Trail: Conpl et e cryptographic and procedural audit
trail for

all energency activities, enabling forensic
anal ysi s, conpliance verification, and
conti nuous i nprovenent.

Mat hemati cal Security: Security properties derive from cryptographic
primtives, ganme-theoretic analysis, and
establ i shed operational procedures, not from
operational secrecy or access restrictions.

Backward Compatibility: Legacy systenms that do not recogni ze RTO
Ext ensi on conti nue nornal operation
Tradi tional revocation mechani snms remain
functional during transition period.

7. RTO Extension Specification
7.1. Extension Syntax
The RTO-Extension is identified by the follow ng Cbject ldentifier
i d-ce-sel f Revocati on OBJECT | DENTIFIER :: = {
joint-iso-itu-t(2) ds(5) certificateExtension(29) TBD1
}

RFC Editor: Please replace TBD1 with the val ue assigned by | ANA
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Thi s extension MIUST be narked as non-critical to ensure backward
compatibility with | egacy systens that do not recognize the
ext ensi on.

7.2. Extension Structure

Sel f Revocat i onExt ensi on :: = SEQUENCE {

versi on I NTEGCER { v1(1) } (vi,...),

encrypt edDat a SEQUENCE ({
encrypt edURL OCTET STRI NG
initializationVector OCTET STRING (12),
aut henti cati onTag OCTET STRI NG (16)

H

keyDerivationSalt OCTET STRI NG

checkl nt erval | NTEGER OPTI ONAL,

enmer gencyCont act UTF8Stri ng OPTI ONAL,

si gnal For mat | NTECER ({
json(l), xm (2), plain(3)

} OPTI ONAL,

ener gencyKeyHash OCTET STRI NG OPTI ONAL,
detectionThreshol d | NTEGER OPTI ONAL

}

7.3. Extension Senmantics
versi on: Extension version nunber. MJST be 1 for this specification.
Future versions may extend functionality while maintaining backward
conpatibility.
encryptedData: AES-256- GCM encrypted nonitoring URL with associ ated

crypt ographi ¢ paramneters:

* encryptedURL: AES-256- GCM ci phertext of nonitoring
URL

* qnitializationVector: 96-bit GCMinitialization
vect or

* authenticationTag: 128-bit GCM aut hentication tag
keyDerivationSalt: Random salt for HKDF- SHA384 key derivati on.
MUST be cryptographically randomw th m ni nrum 256

bits entropy. Used to derive URL encryption key from
Root CA public key.
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checklnterval: Mnitoring interval in seconds. Default value is

21600 (6 hours). MJST NOT be | ess than 3600 (1 hour) to prevent

excessive monitoring |load. SHOULD NOT exceed 86400 (24 hours) for

security.

emergencyContact: Contact information for emergency situations.
SHOULD i ncl ude 24/ 7 contact nethods incl uding
phone, emmil, and alternative comunication
channel s for infrastructure outages.

si gnal Format: Expected format of conpronise signals. Default is

json(l). Al inplementations MJST support JSON format for

interoperability.

ener gencyKeyHash: SHA-256 hash of energency signing public key used
for signal authentication. MJST be present for
signal validation. Enables key verification
wi t hout exposing full public key.

detectionThreshold: Optional field specifying detection threshold
as multiple of baseline issuance rate. Default is
2 (200% of baseline). Values between 1.5 and 5.0
are RECOMMENDED based on CA risk profile.

7.4. Cryptographic Protection Requirenents
URL Encryption Process:

The nonitoring URL MUST be encrypted using AES-256-GCM with key
derivation through HKDF- SHA384 to provi de operational security:

1. Cenerate cryptographically randomsalt (256 bits m ni num
2. Generate cryptographically randominitialization vector (96 bits)
3. Derive encryption key using HKDF- SHA384:

* |Input Key Material: Root CA public key (DER encoded)

* Salt: Randomsalt fromstep 1

* Info: "PKI-RTO URL-v1" || Root CA Subject Key ldentifier

*  Qutput Length: 32 bytes (256 bhits)
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4. Encrypt nonitoring URL using AES-256-GCM with derived key and |V

5. Store encrypted URL, IV, authentication tag, and salt in
ext ensi on

URL Decryption Process:

Moni toring services MJST decrypt nonitoring URLS using:

1. Extract encrypted data, |V, authentication tag, and salt
2. Derive decryption key using identical HKDF SHA384 process
3. Decrypt URL using AES-256-GCMwith tag verification

4. Validate HTTPS URL format and entropy requirenents

5. Use decrypted URL for signal nonitoring

URL Entropy Requirements

Moni toring URLs MUST contain mninmum 256 bits of entropy to prevent
brute-force discovery attacks

H gh- Entropy Path Generation

* Base URL: https://nonitoring.exanple.comrto/

* Random conponent: 32 bytes (256 bits) encoded as base64url

* Generated path: /rto/[43-character-random string]/signa

* Total entropy: 256 bits provides 27256 possible URLs

Security Anal ysis: 256-bit entropy provides conputational security
equi val ent to AES-256. Brute-force discovery requires 27255 average
attenpts, making di scovery conputationally infeasible even for

nati on-state adversari es.

URL Format Exanpl e:

https://nonitoring. exanpl e.confrto/
A7BOC2DAE6F8A1B3C5D7E9F2A4B6C8D0/ si gha

Security Properties of URL Protection

The encryption schene provides operational security benefits:

* URL integrity through GCM aut hentication prevents tanpering
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* Di scovery resistance through encryption conplicates reconnai ssance
* Binding to Root CA through key derivation prevents URL transfer

* Standardi zed i npl ementati on across vendors ensures
interoperability

I mportant: URL encryption provides operational security rather than
fundanmental security. System security depends on cryptographic
signature verification, not URL secrecy. URL discovery by
unaut hori zed parties does not conproni se system security.

7.5. Energency Signing Key Managenent

Root CAs inpl ementing RTO Ext ensi on MJST establish energency signing
keys with enhanced security requirenents:

Key Generation Requirenents:

* Cenerated using FIPS 140-3 Level 3 [FIPS140-3] certified random
nunber generators

* (Created in air-gapped environnents with w tness procedures

* |Imrediately stored in geographically separated secure |ocations
* Protected with dual -custody access controls requiring two persons
Supported Cryptographic Al gorithns:

* EdDSA (Ed25519): RECOMVENDED for new depl oyments

* RSA-PSS with SHA-384: ACCEPTABLE for existing infrastructure

* ECDSA P-384 with SHA-384: ACCEPTABLE for existing infrastructure
*  Post-quantum al gorithns: RECOVMENDED for future depl oynents

Key Storage and Protection:

* Hardware security nodul es neeting FIPS 140-3 Level 3 m ninmum

* Dual -person control for all key access operations

* Tanper-evident audit |ogging of all key usage

* CGeographic distribution across mninumtwo | ocations
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* Environmental monitoring and intrusion detection

Key Lifecycl e Managenent:

* Annual rotation REQU RED regardl ess of suspected conprom se

* |Imediate rotation upon suspected conpromni se or personnel changes
* Secure key rollover procedures with cryptographic verification

* Historical key retention for signature validation (mninmm3
years)

* Secure key destruction using certified procedures
Public Key Distribution
* SHA-256 hash included in energencyKeyHash field of RTO Extension
* Full public keys distributed through secure out-of-band channel s
* Verification against hash before signal validation
* Certificate or equivalent binding to Root CA identity
* Public key registry maintained by CA for energency access
Ener gency Key Backup and Recovery:
* Encrypted key escrow in mnimmthree geographic |ocations
* Split-know edge backup procedures requiring nultiple parties
* Regul ar backup integrity testing with docunented procedures
* Enmergency recovery procedures with predefined authorization
* Disaster recovery testing with annual validation
7.6. Signal Format Specification

Emergency signals MJUST fol |l ow standardi zed formats with repl ay
protection and evidence |inking:

JSON Format (REQUI RED for interoperability):

Exanmpl e JSON si gnal
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"version": "1.0",
"timestanp": "2025-05-30T10: 30: 002",
"nonce": "32-byte-random hex-string",
"sequence": 42,
"val idity_w ndow': 3600,
"reason": "private-key-conprom se",
"evi dence_hash": "sha384- B7TA9D2F4C6ES8AO0B3D5F7A9C2E4F6B8DO" ,
"evidence_url": "https://evidence. exanpl e.con i nci dent -42",
"aut hori zer": "emergency-response-team al pha",
"verification": {
"al gorithni: "EdJDSA",
"keyRef erence":
"sha256- A7TB3COE1F4D2B8A6C5E7FOD1C3A5B7E9" ,
"signature": "base64-encoded-si gnature-data"

}
Fi el d Descriptions:

* version: Signal format version, MJST be "1.0" for this
speci fication

* timestanp: 1SO 8601 tinestanp in UTC, MJST be within validity
wi hdow

* nonce: 32-byte random value for replay protection, MJST be uni que
* sequence: Monotonic counter for this Root CA MJST increase

* validity_w ndow. Maxinum age in seconds, RECOMVENDED 3600 (1 hour)
* reason: Standardized conpromi se type from | ANA registry

* evidence_hash: SHA-384 hash of supporting evidence docunentation

* evidence_url: HTTPS URL to detail ed evidence (MAY be access-
controll ed)

* authorizer: ldentity of emergency response team or authorized
per sonnel

* verification: Cryptographic signature information for
aut henti cati on

Repl ay Protection Mechani sns:

* Nonce: MUST be unique across all signals fromthis Root CA
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*
*
Sig

1.

2
3.
4.
Sig

*

Sequence: MJST be nmonotonically increasing for this Root CA

Ti mestanmp: MJUST be within validity_wi ndow of current tinme

I npl enent ati on MUST nai ntai n nonce database for replay detection
nature Generation Process:

Create canonical JSON representation excluding "verification"
field

UTF- 8 encode t he canoni cal nessage

Generate signhature over nmessage using emergency signing key
Base64- encode signature for inclusion in verification field
nal Validation Requirenents:

Ti mestanmp within acceptable wi ndow (<= validity_w ndow seconds
ol d)

Nonce uni queness verification against historical database
Sequence nunber greater than last valid sequence for this Root CA
Crypt ographi c signature verification using energency public key

Evi dence hash verification agai nst provided docunentation
(optional)

XM. Format (ALTERNATI VE for | egacy systens):

Exanmpl e XML si gnal
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<Emer gencySi gnal >

<Ver si on>1. 0</ Ver si on>
<Ti mest anp>2025- 05- 30T10: 30: 00Z</ Ti nest anp>
<Nonce>32- byt e-random hex- stri ng</ Nonce>
<Sequence>42</ Sequence>
<Val i di t yW ndow>3600</ Val i di t yW ndow>
<Reason>pri vat e- key- conpr onm se</ Reason>
<Evi denceHash>sha384- B7A9D2F4C6EBAOB3D5F7A9C2E4AF6B8DO0
</ Bvi denceHash>
<Evi denceURL>ht t ps:// evi dence. exanpl e. com i nci dent - 42
</ Evi denceURL>
<Aut hori zer >ener gency-r esponse-t eam al pha</ Aut hori zer >
<Verification al gorithm="EJDSA"
keyRef er ence="sha256- A7TB3COE1F4D2B38A6C5E7F9D1
C3A5B7E9" >
base64- encoded- si gnat ure- dat a
</ Verification>

</ Ener gencySi gnal >

7.7.

Post - Quant um Consi der ati ons

Future cryptographic transitions require planning for post-quantum
security:

Current Al gorithm Vul nerability:

*

RSA- 4096, ECDSA P-384: Vul nerable to Shor’s al gorithm

Timeline: N ST estimtes 2030-2040 for cryptographically rel evant
guant um comnput er s

I mpact: Current Root CA keys will require repl acenent

Post - Quantum M grati on Strategy:

*

Emergency keys: Immediate migration to M.-DSA (FI PS 204) [FI PS204]
RECOMVENDED

Root CA keys: Follow standard industry quantum m gration tineline

RTO Ext ensi on: Al gorithmagnostic design supports any signature
schene

Hybrid approach: C assical + post-quantum signatures during
transition

I npl enent ati on Consi derati ons:
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Emer gency key size: Post-quantum keys typically |arger (1-8KB)
Performance inpact: Signhature generation/verification slower

Backward conmpatibility: Legacy systens nmay not support new
al gorithns

Mgration tinmeline: Plan 3-5 year transition period

Quant um Resi st ant Emergency Key Al gorithns:

*

*

*

8.

8. 1.

M.- DSA (FI PS 204): RECOMMVENDED for new depl oyments
SLH DSA (FI PS 205): ACCEPTABLE for high-security environnments

Hybrid schemes: C assical + post-quantumfor transition period

I mpl ement ati on Requirenents

Root CA Security Requirements

Root CAs inplenenting RTO Extensi on MIST neet enhanced security
requi renents beyond standard operational practices:

Crypt ographi ¢ Paraneters:

*

RSA key length: 4096 bits mnimum (8192 bits RECOVMENDED)
Hash al gorithns: SHA-384 mini num ( SHA- 512 RECOVVENDED)
Certificate validity: 10 years maxi mum for RTO enabl ed Root CAs

RTO Extension: REQU RED in all new Root CA certificates

Har dwar e Security Mdul e Requirenents:

*
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FI PS 140-3 Level 3 mininumcertification for all cryptographic
operati ons

Dual - person control for all Root CA private key operations
Tanper -evident audit |ogging with cryptographic integrity
Emer gency key destruction capabilities with verification
Aut henticated firmvare with verified boot processes

Geographic distribution for high availability
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Qperational Security Enhancenents:
* Background investigations for all emergency response personne
* Regul ar security assessnents and penetration testing (annually)
*  Conprehensive incident response procedures with defined roles
* 24/ 7 emergency response capability wth geographic distribution
* Annual energency response drills with docunented results
* Continuous security nmonitoring and threat intelligence integration
Audit and Conpliance Requirenents:
* Real-tinme audit logging of all certificate issuance operations
* Autonat ed anonmaly detection with configurable threshol ds
* Integration with Certificate Transparency logs for nonitoring
* Regul ar conpliance audits with external validation (annually)
* Regulatory notification procedures for emergency situations
*  Conprehensi ve docunentation of all security procedures
8.2. Emergency Key Infrastructure

Emer gency signing key infrastructure MJST nmeet stringent requirenments
separate from Root CA operations:

Enhanced Key Lifecycl e Managenent:

* Generation in air-gapped environnments with nultiple wtness
verification

* Storage in geographically separated FIPS 140-3 Level 3 HSMs

* Annual rotation with secure key rollover procedures

* |Imediate rotation upon suspected conpromni se or personnel changes
* Secure destruction with cryptographic verification of conpletion

Advanced Access Control s:
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* Dual - custody access requiring two authorized personne
* Bionetric authentication combined with hardware tokens
* Time-based access windows with automatic | ockout
*  Conprehensive access | ogging with tanper-evident storage
* Regul ar access review and authori zati on updates (quarterly)
Backup and Recovery Procedures:
* Encrypted key escrow in mininmmthree geographic |ocations
* Split-know edge backup procedures requiring nultiple parties
* Regul ar backup integrity testing with docunented procedures
* Emergency recovery procedures with predefined authorization
* Disaster recovery testing wi th annual validation
* Alternative conmunication nmethods for infrastructure outages
Integration and Interoperability:
* Secure comuni cation channels for emergency coordi nation
* |Integration with nonitoring systens for automated al erting
* Conpatibility with emergency authorization workfl ows
* Support for multiple signature algorithns and key sizes
* |Interoperability with existing security infrastructure
* Cross-platformconpatibility for diverse environments
8.3. Munitoring Infrastructure

Root CA nonitoring infrastructure MJST provide reliable conprom se
detection with realistic availability targets:

Avail ability Requirements
* 99.5%uptinme mninmm(43.8 hours downtine annually)

* Ceographic distribution across mni numthree regions
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* Automatic failover between nonitoring endpoints

* Load balancing with health nonitoring and alerting

* Redundant communicati on paths with diverse providers
Detecti on and Anal ysis Capabilities:

* Automated nonitoring of encrypted URLs every 6 hours maxinmum
* Cryptographic signature verification of energency signals

* Integration with Certificate Transparency |ogs for baseline
anal ysi s

* Real-tinme analysis of certificate issuance patterns

* Correlation with external threat intelligence feeds

* Machine | earning anomaly detection with tunabl e threshol ds
Response and Conmuni cation Capabilities:

* Automated alert generation within 15 nminutes of signal detection
* Secure comunication channels for emergency team notification
* Evidence collection and preservation with chain of custody

* |Integration with emergency authorization workfl ows

* Automatic documentation generation for incident response

* Miltiple commnication nethods for infrastructure redundancy
Security and Operational Requirenents:

* Encrypted comunication for all monitoring traffic (TLS 1.3
m ni mum

* Authenticated access to nonitoring systens with conprehensive
audi t | oggi ng

*  Network segnentation and isolation for nonitoring infrastructure
* Regul ar security assessnments and vul nerability managenent

* I ncident response procedures for nonitoring system conprom se
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* Continuous nmonitoring of monitoring infrastructure health

8.4. Manual -Only Control Rationale
Root CAs inplenenting RTO Extensi on MUST NOT aut omate Root - Tur nOf f
signal generation. This requirenent addresses fundanmental security
and operational principles:
Fal se Positive Ri sk Analysis:
* Automated term nation represents catastrophic operational risk

* Root CAternmination affects mllions of certificates i mediately

* Recovery requires conplete Root CA replacenent and certificate
rei ssuance

* Financial inpact: $1-10 billion estimated for major Root CAs

* Reputational imnpact: |mreasurable |ong-term damage to CA
credibility

* No autonated system can adequately assess conpl ex conprom se
scenari os

Security Through Hurman Judgnent:

* Conpl ex conproni se scenari 0os require contextual analysis beyond
aut omat i on

*  Human verification provides error correction capability

* Dual - person control prevents single-point conprom se or failure
* Enmergency teans can assess inconplete or anbi guous evi dence

* Manual procedures enable risk-benefit analysis for edge cases

* Human oversi ght provides accountability and responsibility
Automati on Attack Vector Analysis:

* Automat ed systens becone high-value targets for sophisticated
attackers

* False signal injection could trigger unintended term nation

* Software vulnerabilities in automati on create new attack surfaces
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* Nation-state actors may target automation for economc warfare

* Supply chain attacks agai nst automation infrastructure

* Adversarial machine | earning attacks agai nst detection algorithns
Hi storical Precedent fromCritical Infrastructure

*  Nucl ear power: Manual scram procedures wi th human authori zation
required

* Aviation: Pilot override capability for all autonated systens

* Mlitary: Human authorization required for all critical weapons
syst ens

* Financial: Dual authorization for large transactions and system
changes

* Medical: Human verification for life-critical decisions and
treatnents

Requi red Manual Processes

* Human verification of conpronise evidence fromnmultiple
i ndependent sources

* Dual - person aut horization with i ndependent evi dence revi ew

* Manual Root-TurnOFf signal generation with w tness procedures
* Manual distribution with verification checkpoints

* Docunented decision trail with personal accountability

* Post-incident analysis and continuous inprovenent

Prohi bi t ed Aut omated Processes:

* Automatic signal generation upon conprom se detection

* Script-based energency procedures without human oversi ght

* Threshol d-based automatic ternination triggers

* Singl e-person authorization workfl ows

* Unattended enmergency response nechani sns
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*

8. 5.

Machi ne | earni ng or Al-based term nation decisions

Certificate Transparency Integration

RTO Ext ension i nplenmentations MJST integrate with Certificate
Transparency infrastructure for enhanced detection

Aut omat ed CT Mbnitoring:

*

Real -tinme nonitoring of CT logs for certificate i ssuance patterns

Integration with major CT |og operators (Google, Coudflare,
Di gi Cert)

Aut onat ed baseline establishment fromhistorical CT data
Anonmal y detection based on volune, velocity, and pattern anal ysis

Cross-correlation between multiple CT logs for verification

Detection Trigger Configuration

*

Certificate volune exceeding configured threshold within tine
wi ndow

Certificates for high-risk domains (financial, governmnent,
critical infrastructure)

Unusual geographic distribution of certificate requests
Correlation with known Indicators of Conpronise (IQCs)

Integration with threat intelligence feeds for enhanced detection

Basel i ne Anal ysis and Calibration:

*
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Hi storical analysis of CT data to establish normal issuance
patterns

Seasonal adjustnent for business cycles and pronotional periods
Statistical analysis to determine appropriate detection thresholds

Machi ne | earning nodels for pattern recognition and anomaly
detection

Regul ar recalibration based on evolving i ssuance patterns
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Al ert Generation and Processing:

*

9

9.1

Automat ed alert generation with severity classification
Integration with existing security incident nanagenent systens

Escal ati on procedures based on alert severity and confidence
| evel s

Correlation with other security nonitoring systens

Conprehensive logging and audit trail for all alerts

Emer gency Operational Procedures

Nor mal Operati ons

Duri ng normal Root CA operations with RTO Extension

Rout i ne Monitoring and Mi nt enance:

*

Moni toring service checks nonitoring URL every 6 hours

Certificate Transparency nonitoring provides continuous baseline
anal ysi s

Regul ar health checks of nonitoring infrastructure components

Aut omat ed | ogging of all nmonitoring activities with integrity
protection

Mont hly noni toring system performance reports and anal ysis

Schedul ed Mai nt enance Activities:

*

Enmer gency key rotation according to schedule (annually m ninmum
Emer gency response teamtraining and certification updates
Quarterly energency response drills wthout actual term nation
Regul ar revi ew and update of energency contact infornmation
Annual review of energency procedures and authorization lists

Sem -annual testing of backup and recovery procedures

Security Monitoring and Anal ysis:
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* Intggration with Certificate Transparency | ogs for baseline
nmoni toring
* Real-tinme analysis of certificate issuance patterns and trends
* Correlation with external threat intelligence and security feeds
* Automated detection of suspicious certificate requests or patterns

* Regul ar security assessnents of all nonitoring and emnergency
syst ens

9.2. Compronise Detection and Verification
VWhen potential conprom se indicators are detected:
Initial Assessnment and Evi dence Col | ecti on:
* Automated collection of relevant |og data and evi dence
* Prelimnary anal ysis of conprom se indicators and attack patterns
* Correlation with known attack signatures and threat intelligence
* Assessment of potential attack scope, tineline, and nethodol ogy

* Docunentation of initial findings with tinmestanps and chai n of
cust ody

Evi

dence Verification and Anal ysis:
* Independent verification through multiple detection systens

* Cross-reference with Certificate Transparency | ogs and externa
sour ces

* Analysis of certificate issuance patterns and statistica
anomal i es

* Verification of HSM audit | ogs and access records

* External validation through industry threat sharing and
col I aborati on

Threat Assessnent and | npact Anal ysis:

* Eval uation of conpronise scope and attacker capabilities
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9.3.

Assessnent of ongoing attack activities and indicators
Anal ysis of potential inpact on dependent systenms and users
Ri sk evaluation for inmedi ate vs. del ayed response options

Docunent ati on of threat assessment with supporting evidence and
anal ysi s

Ener gency Aut hori zation Process

Upon confirmati on of conpronise requiring emergency response

Emer gency Team Assenbl y:

*

Notification of all authorized emergency response personne
Assenbly of mininmumtwo authorized individuals within 4 hours
Est abl i shment of secure conmunication channel s and protocol s

Verification of personnel identity through nmultiple authentication
factors

Docunent ati on of team assenbly with tinmestanps and partici pant
verification

Conpr ehensi ve Evi dence Revi ew

*

I ndependent review of conprom se evidence by each authori zing
i ndi vi dual

Verification of evidence authenticity and chain of custody
Assessnent of evidence quality, reliability, and conpl et eness
Cross-correlation with nultiple i ndependent sources and systens

Docurnent ati on of evi dence review findings and concl usi ons

Aut hori zati on Deci si on Process:

*

*

*
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I ndependent risk assessnent by each authorizing individua
Eval uation of term nation benefits versus operational inpact

Assessnent of alternative response neasures and their
ef fecti veness
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*

*

Consensus requirenent for term nation authorization

Formal documentation of authorization decision with persona
si gnatures

Deci si on Docunentation and Audit Trail:

*

9. 4.

Detailed timeline of conprom se detection and anal ysis
Conpl et e evi dence package with docunmented chain of custody
Ri sk assessnment docunentation and deci sion rationale
Personal attestation from each authorizing individua

Secure storage of decision docunentation for audit and | ega
pur poses

Manual Signhal Generation

Fol  owi ng aut hori zation for energency termnation

Preparation and Verification:

*

Physi cal presence verification of both authorized personnel
Secure access to Root CA private key through HSM procedures
Verification of HSMfunctionality and audit |oggi ng systens
Preparation of Root-TurnOf signal format and content

Wtness verification of all preparatory activities and procedures

Signal Creation and Validation

*

Manual generation of Root-TurnOFf signal containing Root CA
certificate serial nunmber and term nation timestanp

Cryptographi c signature using Root CA private key with w tness
verification

Verification of signal format conpliance and digital signature
validity

Creation of nmultiple copies for redundant distribution
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9

*

I ndependent verification of signal contents by second authori zing
per son

Qual ity Assurance and Testi ng:

*

5

I ndependent verification of signal contents by both authorizers
Crypt ographi c validation of signature using Root CA public key
Verification against signal format specifications and standards
Testing of signal with non-production systens if avail abl e
Docurent ati on of quality assurance checks and validation results

Distribution and Verification

Fol | owi ng Root - TurnOf f signal creation

Signal Distribution

*

Manual distribution to all dependent systens and endpoints

Verification of successful signal delivery to each critica
endpoi nt

Update of all certificate status responders with revocation status
Cache invalidation commands to CDN and cachi ng systens

Notification to system operators and dependent applications

Distribution Verification

*

Confirmation of signal processing by all dependent systens

Verification of certificate validation failures for term nated
Root CA

Moni toring of systemresponses and error conditions
Docunent ation of distribution conpletion with tinmestanps

Col I ection of acknow edgnments fromcritical dependent systens

Adoption Monitoring:

*

Real -time nonitoring of certificate validation behavior changes
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* Analysis of client adoption rates and response patterns

* Detection of systens that may not have processed the term nation
si gnal

* Coordination with operators of non-responsive systens

* Docunentation of adoption progress and conpl etion status
9.6. Post-Term nation Procedures

After successful Root CA termnation

Cryptographic Material Destruction:

* Secure destruction of Root CA private key material using certified
procedur es

* Destruction of energency signing keys with verification

* Verification of key destruction through HSM audit procedures
* Documentation of destruction with witness attestation

* Secure disposal of all key-related materials and hardware

St akehol der Comuni cati on and Coordi nati on

* Notification to all certificate holders and relying parties

* Public announcenent of Root CA termination through appropriate
channel s

* Coordination with browser and OGS vendors for trust store updates

* Industry notification through established security conmunication
channel s

* Regulatory notification as required by jurisdiction and industry
st andar ds

I nci dent Anal ysis and Docunent ati on
*  Conprehensive forensic anal ysis of conprom se incident
* Docunentation of attack tineline, nmethodol ogy, and attribution

* Analysis of detection effectiveness and response tim ng

Jahnke Expi res 2 Decenber 2025 [ Page 43]



Internet-Draft Root CA Emergency Sel f-Termination Proto May 2025

LT

10.

10.

* ldentification of |essons | earned and process inprovenents

* Preparation of incident report for stakehol ders, regulators, and
i ndustry

Root CA Succession Procedures
Pl anni ng and i npl enentati on of successor Root CA if required:
Successi on Pl anni ng Requirenents:
* Pre-generated successor Root CA certificates in secure escrow
* Certificate transition procedures docunmented and tested
* Customer communication tenplates and notification procedures
* Automated certificate migration tools devel oped and tested
* Legal and regul atory approval processes for successor CA
Transition Tineline and | npl erentation
* | nmedi ate: Enmergency term nation procedures conpl eted
* Week 1: Successor Root CA activated and operationa
* NMonth 1-3: Critical certificate reissuance and mgration
* NMonth 3-12: Conplete certificate migration and custonmer transition
*  Year 1-2: Legacy certificate expiration and cl eanup

Security Considerations
1. Threat Model Analysis

The RTO Ext ension addresses multiple threat scenarios while
i ntroduci ng new consi derations for conprehensive security anal ysis:

Threat Actor Cassification
* Script kiddies: Limted capability, opportunistic attacks
* Cybercrimnals: Mderate capability, financially notivated

* Advanced Persistent Threats (APTs): High capability, persistent
access
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* Nation-state actors: Hi ghest capability, strategic objectives
Attacker Wthout Root CA Private Key:

If an attacker gains access to Root CA infrastructure but not the
private key, they cannot:

* Generate valid Root-TurnOf signals (requires Root CA private key)

* Create authentic energency signals (requires emergency signing
key)

* Cause termnination through fal se signals (requires human
verification)

* lssue valid certificates (existing PKI limtation)

| npact Assessnent: No additional attack surface introduced. RTO

Ext ensi on provi des no capabilities to unauthorized parties without
key access.

Attacker Wth Emergency Signing Key Only:

If an attacker conpronises energency signing keys but not Root CA
private key, they can:

* Create valid-appearing energency signals

* Trigger emergency response procedures and alerts

* Cause operational disruption through false alarns

* Potentially delay response to actual conpronise through alert
fatigue

But they cannot:

* Cenerate actual Root-TurnOf signals (requires Root CA private
key)

* Bypass dual - person aut horization procedures

*  Term nate Root CA without human verification and evidence review
I mpact Assessment: Operational disruption only. Regular key
rotation, human verification, and conprehensive evi dence review

prevent actual security conprom se

Attacker Wth Root CA Private Key:
If an attacker gains Root CA private key access, they can
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* lssue fraudulent certificates (existing PKI vulnerability)

* Cenerate valid Root-TurnOf signals (beneficial security outcone)
* Sign false CRLs and OCSP responses (existing PKI vul nerability)
Analysis: In this scenario, the attacker’'s ability to generate

term nation signals produces optinmal security outcomes. The

mat hemat i cal anal ysis proves this scenario results in bounded attack
duration rather than indefinite conprom se capability.

Nati on- St ate and Advanced Persistent Threat Considerations:

* Econom c warfare through fal se positive termnation attenpts

* Supply chain attacks against nonitoring infrastructure

* Social engineering attacks agai nst energency response personne

* Advanced persistent access for long-termcertificate fraud

* Coordination with other attack vectors for maxi num i npact

10.2. Attack Vector Analysis

URL Di scovery and Mnitoring Infrastructure:
Moni toring URL di scovery does not conprom se fundamental security:

* URLs provide operational security, not fundanmental security
boundari es

* Valid termination requires Root CA private key signatures
* Fal se signals cannot cause term nation w thout human authori zation

* Mbonitoring infrastructure conproni se cannot generate valid
ternination signals

* Miltiple independent nonitoring endpoints provide resilience

Deni al of Service Against Mnitoring Infrastructure: Attackers may
attenpt to disrupt nmonitoring capabilities:

* Geographic distribution and redundancy provide resilience agai nst
| ocal i zed attacks

* NMbnitoring systemfailure defaults to continued operation, not
term nation
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Al ternative comruni cati on channel s enabl e emergency coordi nati on
during out ages

Manual energency procedures remain available during infrastructure
failures

99. 5% uptime requirement bal ances availability with cost
consi derati ons

Soci al Engi neering and I nsider Threat Scenari os:
Enmer gency procedures include conprehensive protections agai nst
human factor attacks:

*

Dual - person control prevents singl e-point conprom se or coercion
I ndependent evidence verification by nmultiple parties
Physi cal presence requirenments prevent renote manipul ation

Conprehensive audit trails enable forensic anal ysis and
accountability

Background i nvestigations and continuous nonitoring of emergency
per sonnel

Fal se Positive Attack Scenari os:
Sophi sticated attackers nmay attenpt to trigger false positive
term nations:

*

Emer gency signal authentication requires conproni se of emergency
signi ng keys

Human verification prevents automated fal se positive responses

Evi dence verification requires corroborating information from
mul ti pl e sources

Ri sk assessnent includes evaluation of termnation costs and
benefits

Mul tipl e i ndependent confirmation sources required for
aut hori zati on

Supply Chain and Infrastructure Attacks:

*

*
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Moni toring system software supply chain conprom se

HSM fi rmwvare attacks and hardware tanpering
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* Communi cation infrastructure conproni se during emnergencies
* Third-party service provider conprom se affecting nonitoring
* Certificate Transparency | og nmanipul ati on or conprom se
10. 3. Design Decision Rationale
Manual - Only Control Design Decision
The prohibition on autonmati on addresses fundanental security and

operational principles:

* Fal se positive term nation causes greater danage than nost actua
conprom ses

* Hunman judgnment provides context awareness inpossible in autonmated
syst ens

* Dual - person control prevents single-point failures and provides
accountability

* Manual procedures resi st sophisticated automated attack techniques
* Historical precedent fromother critical infrastructure domains
URL Encryption Design Approach:

URL encryption provides operational benefits w thout creating

security dependenci es:

* Prevents casual discovery during routine security audits and
reconnai ssance

* Standardi zes i mpl enentati on approaches across vendors and
pl atforns

* Provides integrity verification through GCM aut hentication tags

* Security nodel remains mathematically sound even with URL
di scovery

* (Qperational security enhancenent w thout fundanmental security
dependence

Emer gency Key Separation Architecture
Separ ate energency keys provide operational and security benefits:

* Enabl es energency signaling without Root CA private key access
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* A lows energency key rotation independent of Root CA key lifecycle

* Provides audit trail separation for energency vs. norma
operations

* Enabl es geographic distribution of enmergency response capabilities

* Reduces risk of emergency capability loss during prinmary key
comprom se

Det ecti on Threshol d Confi guration

Confi gurabl e detection threshol ds accommodate diverse CA
operational patterns:

* Large CAs require higher thresholds due to volune and vari ance

* Small CAs can use |lower thresholds for faster detection

* Risk-based configuration allows custonization for security
requirenents

* Enpirical data fromCertificate Transparency enabl es evi dence-
based tuning

* Bal ance between fal se positive rate and detection speed
10. 4. QOperational Security

Organi zations inplenmenting RTO Extensi on shoul d inpl enent
conpr ehensi ve operational security neasures:

Physi cal Security Requirenents:

* Secure facilities for enmergency key storage and access with
multiple layers

* Physical access controls with dual -person requirenments and
bionetric verification

* Environnmental nonitoring and tanper detection for all critica
ar eas

* Geographic distribution of critical security functions across
regi ons

* Backup power and communi cation systens for energency scenarios

Personnel Security and Trai ning:
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Background i nvestigations for emergency response personnel wth
regul ar updates

Regul ar training and certification updates for all energency
procedur es

Psychol ogi cal eval uation and stress testing for high-pressure
scenari os

Cl ear succession planning and backup personnel with cross-
training

Regul ar rotation of energency response responsibilities to prevent
single points of failure

Conmuni cation Security and Redundancy:

*

Encrypt ed communi cation channels for enmergency coordination with
mul ti ple options

Cut - of - band conmuni cati on nethods for infrastructure failures

Aut henti cati on nmechani snms for energency personnel with nultiple
factors

Secure docunentation and audit trail procedures with tanper-
evi dent storage

Al ternative comruni cati on nethods including satellite and cellul ar
backup

Monitoring Security and Infrastructure Protection:

*

Net wor k segmentation for nonitoring infrastructure with strict
access controls

Intrusion detection and prevention systenms with real-tine
nmoni t ori ng

Regul ar vulnerability assessnents and security updates with patch
managenment

I nci dent response procedures for nmonitoring system conprom se

Conti nuous security nonitoring of all nonitoring infrastructure
conponent s
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11.

11.

1.

Depl oynment Consi derati ons

M gration Strategy

Organi zations shoul d i npl ement RTO Extension through carefully
pl anned phased depl oynent:

Phase 1 (Months 1-6): Infrastructure Preparati on and Pl anni ng

*

Energency key generation and secure storage infrastructure setup
Monitoring infrastructure depl oyment and conprehensive testing
Emer gency response teamtraining and certification

Docurnent ati on and procedure devel opnent with | egal review

Pilot testing with non-production systens and sinul ated scenari os

Phase 2 (Months 7-12): Limited Production Depl oynment

*

RTO Ext ension i nplenmentation in new Root CA certificates only
Paral | el operation with existing energency procedures

Li m ted-scope testing and validation with sel ect custoners
Procedure refinement based on operational experience

Integration testing with Certificate Transparency nonitoring

Phase 3 (Months 13-18): Full Production |nplenmentation

*

RTO Extension in all new certificates and certificate renewal s

Conpl ete integration with operational procedures and nonitoring
I ndustry coordination for interoperability and standardization

Regul ar energency response drills and testing prograns

Per formance optim zati on and monitoring system tuning

Phase 4 (Months 19-24): Optim zation and Conti nuous | nprovenent

*

*

Legacy certificate transition planning and i nplenmentation

Advanced feature inplenmentation and capability enhancenent
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Cross- CA coordi nati on protocols and industry best practices
Long-term nonitoring and inprovement framework establi shnment

Regul ar revi ew and update of procedures based on operationa
experience

M grati on Considerations and Ri sk Managenent:

*

11. 2.

Backward conpatibility with | egacy systens that ignore extensions
Coordi nation with dependent applications and systens
Conprehensive training for operations and security personnel

Integration with existing incident response procedures and
wor kf | ows

Ri sk assessnment and mitigation planning for each depl oynent phase

Evi dence- Based Cost-Benefit Anal ysis

I mpl enent ati on costs nust be eval uated agai nst neasurabl e security
benefits using docunented historical data:

Detail ed I npl ementati on Cost Anal ysis:

Emergency Key Infrastructure: $35,000 per Root CA

*

FI PS 140-3 Level 3 HSM hardware and setup: $25, 000
Geogr aphi ¢ distribution and backup systens: $5,000
Installation, configuration, and testing: $3,000

Annual nmi ntenance and support: $2, 000

Moni t ori ng System Depl oynent: $45, 000 per Root CA

*

Hi gh-availability nonitoring infrastructure: $30, 000
Security nmonitoring and alerting systems: $10, 000
Certificate Transparency integration: $3, 000

Testing and validation systens: $2, 000

Personnel Training and Certification: $25,6000 per Root CA
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* Energency response teamtraining and certification: $15, 000
* Legal and conpliance training for procedures: $5, 000

* Regular drill exercises and scenario testing: $3,000

* Docunentation and procedure devel opnment: $2, 000

Compl i ance and Audit Systems: $20,000 per Root CA

* Enhanced audit |ogging and nonitoring systens: $12,000

*  Conpliance docunentation and procedure devel opnent: $5, 000
* External audit and certification costs: $3,000

Total |Inplementation Cost: $125,000 per Root CA

Hi storical Incident Cost Analysis (docunented cases):

Di gi Notar (2011):

* Direct costs: $500Mt ( CA bankruptcy, industry cleanup)

* Indirect costs: |Imeasurable (user trust, industry reputation)
* Affected users: 300,000+ (Iranian internet users primarily)

* Recovery tine: 6+ nonths for major browsers, indefinite for
enbedded systens

Symant ec | ssues (2015-2017):

* Market capitalization inpact: $2.6B+ | oss during incident

* Qperational costs: $100M+ in incident response and renediation
* Certificate reissuance costs: $50M+ esti mated

* Industry coordination costs: $10M+ across nultiple vendors
Conservative R sk Assessment:

* Maj or Root CA conprom se probability: 0.2-0.5%annually (enpirica
estimate)

* Average incident cost: $750M (based on docunented historica
i nci dents)

Jahnke Expi res 2 Decenber 2025 [ Page 53]



Internet-Draft Root CA Emergency Sel f-Termination Proto May 2025

*

Expected annual |oss: $750M x 0.003 = $2.25M per mmj or Root CA

Ri sk Reduction Cal cul ati on

*

Current average exposure: 180 days (docunented historical average)
RTO Ext ensi on average exposure: 8-72 hours (target performance)
Ri sk reduction factor: 85-95% (based on exposure time reduction)

Annual benefit: $2.25M x 0.90 = $2. 0M per Root CA

Return on | nvestnent Analysis:

*

| npl ement ation cost: $125, 000 one-time investment

Annual risk reduction benefit: $2.0M

Sinple RO: 1,600% annual |y

Break-even tine: 3-4 weeks of avoided incident exposure

10-year NPV: $18M+ (assum ng 5% di scount rate)

Sensitivity Analysis:

*

11. 3.

Conservative scenario (50%risk reduction): 800% annual RO
Optimstic scenario (95%risk reduction): 3,040% annual RO
Even with 10x higher inplenentation costs: Still positive RO

Backward Compatibility

RTO Ext ensi on nmi ntai ns conprehensive conpatibility with existing
infrastructure

Legacy System Behavi or and Conpatibility:

*
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Systens that do not recogni ze RTO Extension safely ignore the
ext ensi on

Certificate validation continues nornmally for all |egacy
appl i cations

St andard revocati on checking (CRL/OCSP) remmins fully functiona
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* No changes required for |egacy applications during transition
period

* Extension marked as non-critical ensures conpatibility
Transition Strategy and Tineline:
* Gradual adoption does not disrupt existing operations or workfl ows
* Legacy systens can be updated on nornal nai ntenance schedul es
* Enmergency procedures work independently of |egacy system adoption
* Manual coordination remains available for systens requiring it
* Parallel operation during transition period ensures continuity
Interoperability and Standards Conpli ance:

* RTO Ext ensi on designed for universal conpatibility with X 509
st andar ds

* Standard certificate formats and validation procedures naintained

* Integration with existing PKI infrastructure and certificate
managenent

* Support for all major cryptographic algorithnms and key sizes

* Conpliance with existing certificate validation and processing
st andar ds

12. Legal and Regul atory Consi derations
12.1. Liability Distribution

I mpl ement ati on of RTO Extension creates new liability scenarios
requiring clear frameworks

Fal se Positive Termination Liability:

* Shared liability nodel between CA operators and technol ogy
provi ders

* Insurance requirenments for potential false positive scenarios

* (Cear docunentation requirenents for decision rationale
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* Independent audit and verification of energency procedures

* Legal protections for good-faith energency response decisions

Del ayed Response Liability:

* (Cear due diligence standards for energency response tinng

* Docunentation requirenents for decision delays and rational e

* Conparative negligence standards based on industry best practices
* Safe harbor provisions for conpliance with docunented procedures
* Regul ar review and update of liability franmeworks

Cross-Border |ncident Coordination

* International coordination frameworks for nulti-jurisdiction
i nci dents

* Mitual recognition of energency response procedures and deci sions
* Diplomatic coordination protocols for nation-state threats
* Standardi zed incident reporting across jurisdictions
* Bilateral and nultilateral incident response agreenents
12.2. Regul atory Requirenents

RTO Ext ensi on i npl ementation nmust conply with evol ving regul atory
framewor ks

United States Regul atory Environnent:
* No specific pre-approval required for technical inplenmentation

* Incident reporting requirenents under existing cybersecurity
f ramewor ks

* SOX conpliance for publicly traded conpani es (enhanced control s)
* Industry-specific requirements (banking, healthcare, government)
* State-level notification requirenents for data security incidents

Eur opean Uni on Regul atory Franework:
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* @GDPR conpliance for incident reporting and data protection

* el DAS regul ation conmpliance for qualified certificate services

* NI S2 directive requirenents for critical infrastructure operators
* Country-specific tel ecommuni cati ons and cybersecurity regul ati ons
* Cross-border coordination requirenments under EU framewor ks

I ndustry-Speci fic Conpliance Requirenents:

* Financial services: Banking regulatory notification and approva
processes

* Healthcare: FDA and nedi cal device regulatory conpliance
f ramewor ks

* CGovernnent: Security clearance and classification [evel conpliance

* Critical infrastructure: Sector-specific regulatory coordi nation
requirenents

* Aviation: FAA and international aviation authority requirenents
12.3. Insurance Inplications

RTO Ext ension i npl enentation affects cyber insurance and liability
cover age

I nsurance Benefits and Preni um Consi derati ons:
* Denmonstrable risk reduction through proactive security neasures

* (Cear incident response procedures reduce claimconplexity and
costs

* Reduced exposure duration limts potential claimanpbunts and scope

* | ndustry-standard inplenentation reduces conparative negligence
risk

* Potential prem umreductions for enhanced security posture
Cover age Consi derations and Requirenents:

* Fal se positive term nation coverage requirenments and excl usi ons
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* Business interruption coverage for energency term nation scenarios
* Third-party liability coverage for dependent systeminpacts

* Cyber liability coverage for incident response and renediation
costs

* Directors and officers coverage for emergency response deci sions
Ri sk Assessnment and Underwiting:

* Enhanced security controls inprove risk assessnment profiles

* (C ear procedures and docunentation support underwiting decisions
* Regular audits and testing denpnstrate ongoi ng ri sk nmanagenent

* Industry certification and conpliance reduce underwiting
uncertainty

* Quantifiable risk reduction supports favorable policy terns
13. | ANA Consi derations

Thi s docunent requests IANA to allocate identifiers and create
registries for RTO Extension paraneters

oj ect Identifier Allocation

i d-ce-sel fRevocati on OBJECT I DENTIFIER :: = {
joint-iso-itu-t(2) ds(5) certificateExtension(29) TBD1
}

IANA is requested to allocate the value TBD1 under the Certificate
Ext ensi ons arc for the RTO Extension

Regi stry Creation:

Regi stry Name: Root CA Self-Term nation Extension Paraneters

Regi stration Procedure: Specification Required with Expert Revi ew
Ref erence: This docunent

Initial registry entries:

* Version nunbers (1-255): Version 1 defined in this specification

* Signal format identifiers (1-255): JSON(1), XM.(2), Plain(3)

* Reason codes for energency signals: Initial set defined in this
docunent

Jahnke Expi res 2 Decenber 2025 [ Page 58]



Internet-Draft Root CA Emergency Sel f-Termination Proto May 2025

* Detection threshold multipliers: Standard val ues and ranges
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Appendi x A. I nplenentation Exanples

Exanpl e OpenSSL configuration for RTO Extension:
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[ ca_extensions ]

basi cConstraints = critical, CA TRUE, pathl en: 1

keyUsage = critical, keyCert Si gn, cRLSi gn

subj ect Keyl dentifier = hash

1.3.6.1.4.1.44954.1.99.1 = ASN1: SEQUENCE: rt o_ext ensi on

[ rto_extension ]
version = INT: 1
encrypt edDat a = SEQUENCE: encr ypt ed_dat a_seq
keyDerivationSalt = FORVAT: HEX, OCTETSTRI NG 9A3C7EOF2D4B8A6C. . .
checkl nterval = | NT: 21600
enerancbentact = UTF8: enmer gency@xanpl e. com
signal Format = INT: 1
enmer gencyKeyHash = FORMAT: HEX, OCTETSTRI NG A7B3COE1F4D2B8A6. .
detectionThreshold = I NT: 2
[ encrypted data_seq ]
encrypt edURL = FORMAT: HEX, OCTETSTRI NG 4F8A2E1D9C7B6ASE. .
initializationVector =
FORMAT: HEX, OCTETSTRI NG 2E4A8C6F1D5B9A3C. . .
aut henti cati onTag =
FORMAT: HEX, OCTETSTRI NG 7F3E9A1C5D8B2F4A. .
Enmer gency Response Checkli st:
1. Signal Detection and Verification (Target: 30 m nutes)
* [ ] Confirmsignal presence at nonitoring URL
* [ ] Validate signal format and digital signature
* [ ] Verify signal timestanp within validity w ndow
* [ ] Check nonce uni queness and sequence numnber
* [ ] Cross-reference with Certificate Transparency data
* [ ] Docunent detection time and initial circunstances
2. Evidence Collection and Analysis (Target: 4-8 hours)
* [ ] Collect conprehensive evidence frommultiple sources
* [ ] Analyze certificate issuance patterns and anomalies

* [ ] Correlate with external threat intelligence feeds

* [ ] Verify HSM audit |ogs and access records
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* [ ] Docunent evidence with chain of custody procedures
3. Enmergency Authorization (Target: 2-4 hours)

* [ ] Assenble minimumtwo authorized personnel

* [ ] Verify identity of respondi ng personnel

* [ ] I'ndependent review of evidence by each authorizer

* [ ] R sk assessnent and inpact anal ysis

* [ ] Consensus decision for term nation authorization

* [ ] Docunent authorization with personal signatures
4. Manual Signal Generation (Target: 1-2 hours)

* [ ] Physical presence verification of authorized personnel

* [ ] Secure access to Root CA private key via HSM

* [ ] Generate Root-TurnOf signal with w tness procedures

* [ ] Verify signal format and cryptographic signature

* [ ] Create nmultiple copies for redundant distribution

* [ ] Docunent signal generation with witness attestation
5. Distribution and Verification (Target: 1-2 hours)

* [ ] Distribute signal to all dependent systens

* [ ] Verify successful propagation to critical endpoints

* [ ] Update certificate status responders

* [ ] Invalidate rel evant caches and distribution points

* [ ] Monitor client adoption and system responses

* [ ] Docunent distribution conpletion and verification

Appendi x B. Frequently Asked Questions

Q Wiat if an attacker gains access to the nonitoring URL?
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A: URL discovery provides no attack capability. Valid termnation
requires two i ndependent cryptographic signatures: energency key
signatures for signal authentication and Root CA private key
signatures for actual termnation. Additionally, human verification
and dual - person aut horization prevent unauthorized term nation
System security does not depend on URL secrecy.

Q How does this handl e network partitions or nonitoring outages?

A: The systemis designed to fail safely during infrastructure

probl enms. Network partitions or nonitoring failures never trigger
term nation. Miltiple independent nonitoring endpoints provide
redundancy across geographi c regions. Manual emergency procedures
remai n avail able during infrastructure outages. The systemdefaults
to continued operation, not termnation, during technical failures.

Q@ Wat is the business case for $125, 000 inplenentation cost?

A. Historical Root CA conprom ses have caused $500M $2. 6B+ in
docunented costs (Digi Notar, Symantec). |nplenentation provides
85-95% reduction in exposure time (nonths to hours). Conservative
anal ysi s shows annual risk reduction benefit of $2M per Root CA. RO
cal culation: 1,600% annually. Break-even occurs within 3-4 weeks of
avoi ded inci dent exposure.

Q Wiy prohibit automation for such tinme-critical responses?

A:. Fal se positive term nation causes greater damage than nobst actua
conprom ses, potentially affecting mllions of certificates and
billions of users. Autonated systens become high-value targets for
sophi sticated attackers. Human judgment provi des context awareness
and error correction capabilities inpossible in automation.

Hi storical precedent from nuclear, aviation, and financial industries
supports human control for irreversible critical decisions.

Q How does this conpare to Certificate Transparency sol utions?

A: Certificate Transparency provides detection but not response
capability. CT logs identify fraudulent certificates within hours
but cannot stop continued issuance. Current remediation stil
requires nonths of manual trust store coordination. RTO Extension
provi des cryptographic term nation capability that stops attack
progressi on within hours regardless of trust store update tining.

Q What happens to legitimate certificates fromterm nated Root CAs?
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A: Al certificates issued by term nated Root CAs becone invalid

i medi ately upon termination. This is intentional behavior designed
to stop ongoing attacks. Certificate reissuance from successor Root
CAs is required for legitimate certificates. Pre-planned succession
procedures minimze disruption to legitinmate users.

Q Can this be integrated with existing HSMinfrastructure?

A: Yes. RTO Extension works with any FIPS 140-3 Level 3 certified
HSM supporting dual - person control. Emergency keys can be stored in
separate HSMs or isolated partitions within existing HSM.
Integration requires procedural nodifications rather than hardware
repl acenent. Mbst nodern HSM depl oynents support required features.

Q How do | egacy systens handl e RTO Ext ensi on?

A: Legacy systens ignore unknown certificate extensions and continue
normal operation. The extension is marked as non-critical to ensure
conpatibility. Traditional revocation mechani sms (CRL/OCSP) remain
functional. No changes required for |egacy applications during
transition period. Gadual migration allows normal update cycles.

Q What about post-quantum cryptography consi derations?

A: RTO- Extension is designed to be algorithmagnostic and supports
post - quant um si gnat ure schemes. Emergency keys can i medi ately
mgrate to M.-DSA (FIPS 204) or other post-quantum al gorithns. Root
CA keys follow standard industry quantummnmigration tineline. Hybrid
cl assi cal + post-quantum approaches supported during transition.

Q Howis this different fromshorter certificate lifetinmes?
A: Shorter lifetimes reduce exposure for normal operations but do not
stop fraudul ent issuance during active conprom se. Attackers with
Root CA private keys can issue certificates of any lifetine. RTO
Ext ensi on provides termination capability that stops all issuance,
regardl ess of certificate lifetime. Both approaches are
compl enentary for conprehensive security.

Appendi x C. Test Vectors
URL Encryption Test Vector:

| nput Parameters:

* Root CA Public Key (DER): 3082010A0282010100C2... (exanple RSA-
4096)
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* Subject Key ldentifier: A1B2C3DAES5F6789A

* Mnitoring URL: "https://monitoring. exanple.comrto/
A7BOC2DM4. . . /signal "

* Salt: 9A3C7EOF2D4B8A6CS5E7FID1C3A5B7E9F2D4B6ASCOE2F4A6B8COD2E4AF
6A8B0C2D4

* 1V: 2E4A8C6F1D5B9A3C7EOF2D4B

HKDF- SHA384 Key Deri vati on:

* | KM Root CA Public Key (DER encoded, 550 bytes)

* Salt: 32-byte salt from above

* Info: "PKI-RTO URL-v1" || Subject Key ldentifier (20 bytes)
*  Qutput: 32-byte encryption key

AES- 256- GCM Encrypti on:

* Plaintext: UTF-8 encoded nonitoring URL (67 bytes)

* Key: Derived 32-byte key from HKDF- SHA384

* |V: 12-byte initialization vector from above

* (i phertext: 4F8A2E1D9C7B6ASE3F8CLA4D7B2E9F6C. .. (67 bytes)
* Authentication Tag: 7F3E9QA1C5D8B2F4A6COE3DOB8ASF2CLE (16 bytes)
Emer gency Signal Test Vector:

JSON Si gnal Exanpl e:
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"version": "1.0",
"timestanp": "2025-05-30T10: 30: 002",
"nonce":

" A1B2C3D4E5F6789A0B1C2D3EAF5A6B7 CBDOEOF1A2B3CADSE"

"sequence": 42,

"val idity_w ndow': 3600,

"reason": "private-key-conprom se",
"evi dence_hash":

"sha384- B7TA9D2F4C6ESAOB3D5F7A9C2E4AF6B8DOA2CAEGF8" ,
"evidence_url": "https://evidence. exanpl e.coniinci dent-42",
"aut hori zer": "emergency-response-team al pha",
"verification": {

"al gorithni: "EdJDSA",

"keyRef erence":

"sha256- A7TB3COE1F4D2B8A6C5E7FIOD1C3A5B7E9" ,

"signhature":

"6F2A8CAEOB6D8F2A4C6ESBOD2F4A6CBEOB2DAF6ASCOE2F4 A"

}
Signature Verification Process:
1. Extract canonical JSON excluding "verification" field
2. UTF-8 encode canoni cal message (327 bytes in this exanple)
3. Verify EdDSA signature using energency public key
4. Verify timestanp within validity w ndow
5. Check nonce uni queness agai nst dat abase
6. Verify sequence nunber greater than |last valid sequence
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